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PHASE I REPORT
SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
in
SOUTHWESTERN UTAH

I. INTRODUCTION

A. General

An investigation of geologic, tectonic, and seismic conditions in the vieinity
of eight Soil Conservation Service (SCS) flood control dams located in southwestern
Utah (see Figure 1) was conducted during late 1981 and early 1982 by Earth
Sciences Associates. The conditions of the embankments and their foundations was
also investigated by a drilling, test pitting, sampling, and testing program. Results
of the first phase of this investigation (as described under Purpose and Scope
below) are presented in this report. Detailed descriptions of the field investiga-
tion, laboratory investigations, regional geology and tectonies, and seismicity of

the region are presented in the appendices contained in a separate volume,

B.  Purpose and Scope

The two major purposes of the overall investigation are:

o To determine the safety of these dams with respect to potential for
surface fault rupture in the foundation areas (and consequent offset of

the embankments); and
o To evaluate the ability of the embankments to resist strong seismie

shaking likely to occur in the region, along with determination of the

characteristies of shaking that is probable at each dam site.
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This "Phase I" report is a mid-investigation report being written after the
completion of the field investigation phases of the investigation, but before the
embankment stability analyses have been performed. It primarily reports on
geologic/tectonie/seismie conditions in southwestern Utah and in the specific dam
site areas, but also describes embankment conditions found to exist during the
drilling and test pit excavation portions of the field investigation. The specific
tasks reported on herein are listed in the ESA proposal for this project dated
September, 1981 under "Phase I - Seismic Hazard Study" as Tasks a through m. A
portion of the laboratory testing program (which is part of Phase II (Tasks Ila and
b)), has been performed and is reported on in Appendix D.

End products of the overall study will include an evaluation of the safety of
the dams with respect to faulting and seismic shaking, the development of
recommendations for remedial measures should hazards be found to exist, and the
development of recommendations for courses of action for the SCS to take both
under existing conditions and following an earthquake (if any of the dams is
determined to have significant safety problems). These matters will be addressed

in the Phase II report to follow.

C. Background Information

The dams investigated during this investigation are relatively low earthfill
embankments. They were constructed for the purpose of temporarily retaining
flood waters that flow down the drainages of this semi-arid environment during
infrequent periods of heavy rainfall ("thunder showers"). They were constructed by
the SCS in order to pfotect downstream areas from flooding that had periodically
occurred before construction of these dams. Since construction of the dams, rapid
increases in population in the St. George and Cedar City areas has changed the
downstream land use markedly. Areas that were once dominantly agricultural or
rural are becoming more urbanized, and houses have been constructed in areas just

downstream of some of the dams (Green Lakes 2 and 3, and Ivins, in particular).
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As a result of these rapid changes in downstream land use, the consequences
of failure of some of these structures has increased markedly. Consequently, even
though these reservoirs are infrequently filled, the SCS has contracted to have the
safety of these dams evaluated. This was done in order that remedial measures can
be developed in the event that hazards are determined to exist, and so that there
would be a basis for decisions about the dams' relative usefulness in mitigating

versus creating potential hazards to downstream residents and property.
D. Performance

Work on this project was performed for the SCS West Technical Center in
Portland, Oregon. C. Edward Stearns is the Project Coordinator for the SCS, and
Joan K. Johnson is the Contract Administrator. Other SCS personnel who have
been directly involved with this project are Don Wallin, Bob Nelson, Bob Rasely,
and Claud Scoles.

ESA personnel who have worked on this project include: Douglas M. Yadon,
who logged the drill holes and supervised the initial field operations; Richard
Morris, who logged the test pits and performed the field density tests; Robert H.
Wright, who performed the photogeologic studies, and developed the strip map of
the Hurricane fault zone and the site specific photogeologic mapping; T. Dwight
Hunt, who performed the field geologic mapping, logged the trenches, and
developed the site specific geologic maps and trench logs; Michael L. Traubenik,
who analyzed the existing SCS data and made engineering evaluations of the
embankments; Julio E. Valera, who was Project Manager and coordinated the
engineering and budget control portions of the project; and Eugene A. Nelson, who
was Principal in Charge and coordinated the geologic portions of the work. The
report was written by Wright, Hunt, Traubenik, Valera and Nelson, and typed by
Kathleen McCracken. Tom Camara and Dave O'Shea performed the drafting.

Working as a consultant to Lindvall Richter and Associates (LRA), who are

subcontractors to ESA on this project, Dr. Walter J. Arabasz performed the
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evaluations of seismic and tectonic conditions in the region, and wrote the
extensive discussions on these subjects that appear in Appendices E and F. Richard

J. Proctor of LRA coordinated the seismiec studies for LRA.
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II. CONCLUSIONS AND RECOMMENDATIONS

Preliminary conclusions and recommendations pertaining to the subject

matter of this initial report are presented below.

1. Trenches excavated near the south corner of Gypsum Wash Dam expose
offsets in young-appearing sedimentary deposits that have been estimated to be of
Holocene age by ESA's consultant on soil stratigraphy, Dr. Roy J. Shlemon (see
Chapter VIII). This finding differs with previously available information regarding
recency of faulting in southwestern Utah. Nevertheless, ESA believes that these
near-surface offsets may be of consequence to the dam. The potential for damage
to the embankments depends upon the recurrence interval between episodes of
surface faulting and the amount of displacement possible during a single event.
These factors, and the consequent potential for damage to the embankments, will

be evaluated during Phase II of this investigation.

2. No evidence of faulting was found in trenches excavated at the Green's
Lake 2 and 3 Dams, but it is obvious from the photogeologic studies that these
dams are within a zone containing several strands of the Hurricane fault (see
Figures 1IV-2 and VII-5). Charcoal samples from the deposits exposed in these
trenches have been submitted for age dating, and should provide an indication of
the age of unfaulted surficial deposits at these sites. The potential for damage to
the embankments of Green's Lake Dams No. 2 and 3 will be evaluated during Phase

II of this investigation.

3. Relatively young (late Pleistocene) faulting was exposed in a trench
excavated along the eastern margin of Green's Lake No. 5 Reservoir, and faults of
similar age probably exist along the eastern front of the basalt near the main dam
(see Figure VIII-5). These faults do not pass beneath the main dam, however, which
is located west of the western edge of the fault-bounded north-south valley (see
Figure VII-10).

4, There is no potential for surface fault offset at the other four dam sites

(Frog Hollow, Warner Draw, Stucki, and Ivins) (see detailed descriptions of geologic
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conditions at the dam sites in Chapter VIII of this report). Strong ground shaking is
likely to occur at all of these sites (see Coneclusion 7), and the seismic stability

analyses performed during Phase II of this investigation will include eonsideration
of the characteristics of shaking likely to occur at the dam sites during their useful
life.

5. A drill hole located on the crest of Frog Hollow Dam encountered very
loose soil deposits in one portion of the foundation. Further drilling to either side
of the first hole did not encounter similar conditions. SCS records indicate that
the loose materials encountered may represent improperly placed backfill of a
trench containing a pipe removed from the smaller original dam that was buried
beneath the raised embankment. The SCS is evaluating this situation outside the
scope of this contract.

6. The regional tectonic/seismic environment of southwestern Utah is
complex, and has been comprehensively described by Dr. Walter J. Arabasz in
Appendices E and F, which are summarized in Chepters IV, V, VI, and VII. The'
Cedar City-St. George area lies along a tectonically active intraplate boundary.
While the level of seismicity is not as high as that along the Pacifie/North
American plate boundary, the historical record contains more than 20 carthquakes
in the Magnitude 5 to 62+ range within 200 km of the study area (see Table F-1).
The recurrence interval for larger events is longer than the available record (see
Table F-3), but a Magnitude 7 to 7z event is thought to be the maximum credible
earthquake for the region with a recurrence of 200 to 700 years for all of
southwestern Utah.

7. Magnitudes of both the maximum ecredible and maximum probable
earthquake which could occur on the major fault zones located in close proximity
to each of the dam sites are tabulated in Table II-1. Also presented in this table
are the recurrence intervals for these two earthquake levels. Assuming that they
can oceur in close proximity to each dam site, it can be seen from this table that
the magnitude of the maximum credible earthquake ranges from 7 to 7% with a
recurrence interval of 1,000 to 10,000 years. The magnitude of the maximum
probable earthquake for all dam sites is a 6 with a recurrence interval ranging from
200 to 300 years.
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Dam

Green's Lake
No. 2

Green's Lake
No. 3

Green's Lake
No. 5

Gypsum Wash

Warner Draw

Stucki

Frog Hollow

Ivin's

Table II-1

Estimated Magnitude and Recurrence Interval of Maximum Credible and Maximum Probable

Earthquakes in the Vieinity of Dam Sites

Maximum Credible

Closest Fault Distance to Total Fault
to Dam Site  Fault (miles) Length (miles) Magnitude

Hurricane 0 160 7.5
Hurricane 0 160 7.5
Hurricane 0 160 7.5
Washington 0 40 7.0
Hurricane 10 160 7.5
Washington 1 40 7.0
Hurricane 9 160 7.5
Washington 0.5 40 7.0
Hurricane 10 160 7.5
Hurricane 2 160 7.5
Grand Wash 5 100

7.5

Recurrence

Interval (yrs)

1,000-10,000
1,000-10,000

1,000-10,000

2,000-10,000
1,000-10,000

2,000-10,000
1,000-10,000

2,000-10,000
1,000-10,000

1,000-10,000

2,000-10,000

Maximum Probable

Recurence
Magnitude Interval (yrs)
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-3090
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300



For purposes of this study, the maximum probable earthquake represents an
event which has a reasonable probability of ocecurring during the life of these

facilities. Although the magnitude of the earthquake selected for design should be
based on the level of risk which the owner of the facility is willing to accept for

each specific dam site, it is our judgment, and that of our consultant Dr. Arabasz,
that a Magnitude 6 event represents a reasonable earthquake which could occur
during the life of these facilities and one which each dam should be able to

withstand without catastrophic consequences.
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IIIl. OPERATIONAL HISTORY AND PHYSICAL CHARACTERISTICS
OF THE DAMS

The eight dams investigated during this study were constructed by the SCS in
order to protect downstream areas from flood waters and to trap sediment. The
three dams in the Cedar City aree were constructed in 1958. The five dams near
St. George were constructed during the period of 1974-78 (the existing Frog Hollow

Dam represents a raise of an existing dam that was first construeted in 1956).

The intended purpose of the dams is to retain the infrequent large flows of
water that result from thundershowers in this arid area, and then to release the
water at diminished flow rates over the next few days. Consequently, the
reservoirs behind the dams are dry except after heavy rainfalls. Available
information indicates that the dams and reservoirs have performed in this manner
since construction with one exception. The original trash rack on the outlet of
Green's Lake No. 3 became plugged by debris in 1967, which caused water to
remain in the reservoirs for 3 months. The standing water resulted in settlement
of portions of the reservoir area and embankment (see Figure VIII-2). Table III-1
follows this page and presents information compiled from SCS records on
performance of the dams since construction, along with observations on present

conditions as noted during the field investigation.

The dams are relatively low earthfill embankments ranging in height from 17
to 60 feet. Information from the SCS files and ESA's current field investigation on
the physical characteristics of the embankments and their foundations is presented
in Table IM-2. A detailed discussion of the nature and condition of each dam is

presented in Appendix G.
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Table I1I-1

History of Performance and Present Condition of Dams

Dam

Green's Lake No. 2

Green's Lake No. 3

Green's Lake No. 5

Gypsum Wash

Warner Draw
Stueki

Frog Hollow

Per'formance1

Satisfactory. Some minor
slumping of embankment occur-
red in 1980.

Operational problems caused
by subsidence of foundation
soils when water remained in
reservoir for 3 mo. Exten-
sive subsidence near east end
of dam which extended under
embankment. Erosion and piping
caused cracks to widen. Some
block rotation of embankment
ocecurred as a result of sub-
sidence. Cracks repaired

by grouting with a soil-

slurry mixture.

Satisfactory.

Satisfactory.

Satisfactory.
Satisfactory

Extensive transverse crack-
ing of embankment since 1978
raise. Longitudinal crack-
ing along upstream face also
noted.

Conditionsz

Some differential settlement
along axis of embankment, and
some cracks which run parallel
to the embankment centerline
were observed. Cracks were
also noted in the foundation

in vicinity of embankment.

Cracks along upstream face
and transverse to embankment
crest were observed. Settle-
ment of dam crest also
noticeable.

Some minor cracking observed.

Some buldges noted along
downstream slope of embank-
ment. No evidence of settle-
ment or excessive eracking
along crest of embankment.

Good.
Good.

Longitudinal crack along
upstream face of embankment
observed. Zone of weak

soil encountered in foun-
dation in one borehole,
accompanied by an anomalous
loss of drilling water.

Ivins Diversion Satisfactory. Some minor cracks and

No. 5 erosion of embankment noted.
Notes:

(1) Performance of dams based on available SCS reports and correspondence.

(2) Condition of dams noted during field investigation phase of this investigation.
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TABLE I11-2

SUMMARY OF EMBANKMENT AND FOUNDATION CHARACTERISTICS

EMBANKMENT MATERIALS FOUNDATION MATERIALS
MAX. . UPSTREAM DOWNSTREAM 1 SPT 2 SPT
DATE OF HEIGHT LENGTH SLOPE SLOPE RELATIVE BLOW COUNTS RELATIVE BLOW COUNTS
DAM CONSTRUCTION TYPE (FEET) (FEET) (H:V) (H:V) CLASSIFICATION COMPACTION - (%) (BLOWS/FOOT) CLASSIFICATION COMPACTION - (%) (BLOWS/FOOT)
Green’s Lake 1958 Zoned 20 1315 3:1 2:1 Zone {1/Core 81to 111/ 25 to 100 Alluvial and 82 to 96 .12 to 82
No.2 ML, CL - Colluvial Deposits {Typically 20 to 40)
Gravelly with
Increasing Depth
Zone 1/Shells 105/ -
SM ML with Gravel 85 -90
and Cobbles
Green's Lake 1958 Zoned 17 2030 3:1 2:1 Zone 1l/Core 93 to 102/ 20 to 52 Alluvial and 87 to 93 9 to >100
No.3 ML.CL - Coiluvial Deposits (Typically 15 to 30)
Gravelly 'with
Increasing Depth
Zone |/Shells 98 to 106/ -
SM, ML with Gravel 79 to 95
and Cobbles
Green's Lake 1958 Homogenous 22 235 3:1 2:1 ML,CL 95 to 107/ 17 to 63 Alluvial and 84 to 91 48 to >100
No.5 70 to 82 Colluvial Deposits
Generally Gravelly
Gypsum Wash 1974- 2oned 30 3128 3:1 2:1 Zone t/Core 95 to 105/ 23 to >100 Thin Deposits of 76 to 106 25 to >100
1975 SC,SM ML - (Typically 30 to 40) SC,SM, ML over :
Siltstone and Shale
Zone I11/Shells 95 to 104/ —
GM,SM with 85 to 88
Cobbles
Warner Draw 1974 Zoned 60 1300 3:1 2:1 Zone l/Core 95 to 107/ 15 to 74 Sandstone, Siltstone 96 to 106 Left Abutment—
SC.SM - (Typicaily 40 to 60) and Shale. Left 16 to >100
Abutment - SP,SM,SC (Data from
SCS Borings)
Zone i11/Shells 95 to 101/ 50 to 60
SM,SC with some 92 to 104
Gravel and Cobbles
Stucki 1974 Zoned 30 1400 3:1 2:1 Zone |/Core 95 to 103/ 20 to 84 Alluvial and 92 to 97 25 to >100
{Above Ground SC,SM —_ (Typically 30 to 50) Colluvial Deposits. (Typically 30 to 50)
Surface) Left Abutment - .
45 Silty Sandstone
(Total Fill)
Zonelll/Shells 96 to 105/ 40 to 50
SM with Gravel 93 to 106
and Cobbles
Frog Hollow 1956 Zoned 48 1900 3:1 2:1 Zone I/Core 94 to 128/ 26 to 48 Basalt Flows and 81 to 89 13 to >100
Raised in SC,SM, CL ML 95 to 100 (Typically 30) Alluvial and {Typically 30 to 60)
1978 with Gravel and Colluvial Deposits
Cobbles Near Toes of
Embankment
Zone {1/Shell —/ -
GMinCL 79 to 92
Original {1956) — -
Embankment
GM,SM
lvins Diversion 1977 Homogenous 20 5300 3:1 2:1 SM ML with 95 to 101/ 30 t0 90 SM,ML 82 to 95 14 to 80
No.5 some Gravel 91 to 105 Over Siltstone (Typically 40 to 50)
NOTES:

1) First range of relative compactions from construction records as determined by either the Standard
Proctor test procedure or ASTM D678-70 method A or C. (See Appendix

). Second range of

relative compactions from tests performed in test pits excavated as part of this investigation. {See
Appendices B, C, and D).
2) Ranges of relative compactions from tests performed in test pits excavated as part of this investi-
gation. Test pits were dug at either the upstream or downstream toe of embankment. Tests were
performed in the soils present beneath outer shells of the embankments. (See Appendices B,C,

and D).
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IV. SUMMARY OF REGIONAL GEOLOGY AND TECTONIC FRAMEWORK

This chapter summarizes regional geologic and tectonic conditions in the St.
George and Cedar City areas of southwestern Utah as they relate to the

performance of the eight dams that are the subject of this report. A detailed
discussion of regional geology and tectonics, including an account of the events
that led to the development of present-day geologic structure in this area, appears
in Appendix E.

Although the details of geologic and tectonic conditions in this area are
complex, the controlling factors related to the safety of the dams are: 1) the
faults present within the viecinity of the damr sites, 2) the potential for ground
rupture on these faults at the dam sites, and 3) the size of earthquake that is likely
to occur in the vicinity of the dam sites during their useful life (along with the
characteristics of the shaking that will be generated at the base of the embank-
ments).

A brief description of the tectonic framework of the region surrounding the
dams follows, along with descriptions of the fault zones that are of concern to the
dams. Chapter V presents a discussion of what is known about rates of fauit
movements in this region, which relates to the potential for ground rupture at the
various dam sites. Chapters VI and VII discuss "Historic Seismicity and Earthquake
Recurrence", and "Maximum Credible and Maximum Expectable Earthquakes",
respectively.

A. Tectonic Framewgrk

. The SCS Utah dams study area lies within a transitional intraplate boundary
zone between the Basin and Range and Colorado Plateau physiographic/geologic
provinces. This boundary zone is coincident with a segment of the Intermountain
Seismic Belt, a major zone of seismicity within western North America between
the Basin and Range province and the Middle Rocky Mountains-Colorado Plateau
(see Appendices E and F and Figures E-1 and F-1).

Regardless of specific models proposed to explain the tectonics of the region,

it is clear that there is a major, though gradual, change across the boundary zone
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from generally thin weak crust and lithosphere on the west, to thicker, more stable
crust and lithosphere on the east. In addition, stress orientation changes aeross

this boundary from extensional WNW-ESE along the eastern basin and range, to
compressional WNW-ESE within the Colorado Plateau,

Although the boundary zone between the Basin and Range and Colorado
Plateau tectonic provinces is transitional, it is roughly delineated by major
tectonic features of the region. The eastern boundary of the northern Basin and
Range tectonice province is represented by (from southwest to northeast) the Grand
Wash-Cedar Pocket Canyon-Gunlock-Veyo fault system, the north boundary of Pine
Valley Mountains, the Hurricane-Parawon-Paragonah/Monocline-fault system, and
the Wasatch fault zone (see Figure IV-1).

The three SCS dams in the Cedar City area (the "Cedar City dams") are
essentially within the northernmost portion of the Hurricane fault zone (see
Figures IV-2 and VII-11). In this area, a complex fault-monocline structure forms a
"bridge" between the northernmost segment of the Hurricane fault and the
Parawon-Paragonah fault, which is located about 35 km northeast of Cedar City.

The five SCS dams being investigated in this study in the Hurricane-Frog
Hollow, St. George, and Ivins areas (the "St. George area dams") are within the
northern part of the Grand Canyon subprovinece of the Colorado Plateau, which is
characterized by NNE-trending, west-down normal faults. The Washington fault,
which follows a north-south trend through the viecinity of Gypsum, Warner Draw
and Stucki Dams (see Figures IV-1 and VIII-12), is one of these normal faults
located about 10 miles west of the Hurricane fault. Deseriptions of the major fault
zones in the study region follow. .

B. Hurricane Fault Zone

The Hurricane fault zone is a major tectonic feature in northwestern Arizona
and southwestern Utah. The fault zone has been mapped northward from the
vicinity of Peach Springs, Arizona (Wilson and others, 1969), to Kanarraville, Utah,
where it turns northeastward and continues to the vicinity of Cedar City, Utah,

over a total distance of approximately 256 km (Hintze, 1980). Throughout
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much of its length, particularly north of the Grand Canyon, the Hurricane fault
zone is marked by a prominent west-facing topographic escarpment called the
Hurricane Cliffs.

The Arizona portion of the Hurricane fault zone and that portion in Utah
south of Kanarraville, lie within the Grand Canyon subprovince of the Colorado
Plateau tectonic province (see Appendix E, Figure E-3). Within this subprovince
the Hurricane fault is one of several major west-down normal faults. These faults
bound the series of northeastward - tilted fault blocks which form the Grand
Staircase transition from the eastern Basin and Range province to the higher-
standing Colorado Plateau to the east.

Northeast of Kanarraville, the Hurricane fault zone is coincident with the
boundary between the Basin and Range province and the High Plateaus subprovince
of the Colorado Plateau Province (at least as far northward as Cedar City). This
boundary becomes progressively more complex north of Cedar City, where it
involves horsts, grabens, and ramp structures with scissors-like displacement (Best
and Hamblin, 1978). The Hurricane fault zone cannot be clearly extended
northeast of Cedar City to connect with the Parawon-Paragonah fault (see
Appendix E, Figures E-9 and E-10, and Section E 3.2.)

The age of initiation of movement on the Hurricane fault zone is not certain,
but its formation may have been related to relative down-dropping of the eastern
Basin and Range province as a result of collapse of regional upwarping during late
Cenozoic time. Dating of ash-flow tuffs of regional extent suggests that structural
differentiation of the provinces began some time after 29 m.y. ago, with vertical
movement along faults including the northeasternmost segment of the Hurricane

fault that bounded the west side of the Colorado Plateau province.

This faulting began about 26-18 m.y. ago in late Oligocene - early Miocene
time (Rowley and others, 1978, 1979; Best and Hamblin, 1978). Anderson and
Mehnert (1979) suggest that major movement on the Hurricane fault zone occurred
after Miocene time. Total displacement across the fault zone seems to be at least
2,000 m, with current displacements rated on the order of 300-500 m/m.y. (0.03-
0.05 cm/yr) (see Appendix E, Section E3.1).
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The Hurricane fault zone in Utah is considered to be both seismically active
and geologically active in the sense that strands of the fault displace Quaternary
geologic units. The fault zone is located within the intermountain seismie belt (see
Appendices E and F), a major zone of intraplate seismicity within western North
America. Two historic earthquakes thought to be in the range of 5 to 5%
magnitude have occurred on the Hurricane fault zone in the Cedar City area (see
Appendix F, Section F.1.2., and Figure F.3), and several earthquake swarms have
also occurred in the viecinity of the fault zone in the Cedar City area during
historic time (see Appendix F, Figure F.4)

Quaternary movement along the Hurricane fault zone in Utah is well
documented (Anderson and Miller, 1979). At several locations along the zone,
Pleistocene basalt units and latest Pleistocene alluvial and alluvial fan deposits are
,displaced.

As part of this study, new, high quality, 1:24,000 scale low-sun angle (both
AM and PM), black and white stereoscopic aerial photography was flown in
October, 1981 along the mapped location of the Hurricane fault zone in Utah. The
photography was analyzed for lineations suggestive of tectonic origin, and possibly
related geomorphic and geologic features. The results of this analysis is presented /
in map form on Figure IV-2. In summary, this map shows that the Hurricane fault
zone in Utah is generally represented by a single, usually continuous trace, along

the base of the Hurricane cliffs escarpment.

In two areas, south of Ash Creek Reservoir and south of Cedar City, the
generally steep and narrow Hurricane cliff escarpment is complicated by large-
scale, complex, westward directed landsliding. These landslides have created a
wider, less steep escarpment, with a base that bulges out over the projected fault
trend. At these locations, the Hurricane Fault zone projects across the landslide as
a wide zone of discontinuous traces which offset the landslide masses.

There are several locations where strands of the Hurricane fault zone appear
to offset late Pleistocene alluvial fan deposits. Such relations exist just north of v .
the Utah-Arizona border, southwest of the Wart, at several loeations between the e
Hurricane airport and Taylor Creek, northeast of Pintura, and at Shurtz Creek,

south of Cedar City.
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The drainage basin of Shurtz Creek between the Hurricane fault zone and the
erest of Cedar Mountain to the east is unique among west-draining basins along the

Hurricane cliffs. Landslides at higher elevations on Cedar Mountain have shed
significant amounts of debris westward. This debris has ponded behind high-

standing, elongate NE-SW aligned bedrock ridges just east of the fault zone,
creating large areas of upland alluvial fan deposits. Only locally, at Shurtz Creek
and an unnamed creek just to the north, is there evidence that this alluvial
material spilled through narrow gaps in the bedrock ridges, across the Hurricane
fault zone, and out into the valley to the west. Displacements along strands of the
Hurricane fault zone probably played a role in the ponding of alluvial deposits
upslope to the east as indicated by prominent fault scarps in the alluvial fans at
locations where they cross the escarpment. A more subdued and probably older

scarp in alluvial fan deposits occurs upslope to the east of the main escarpment.

The 20 m high fault searp at the mouth of Shurtz Creek is the most
prominent and youngest appearing scarp along the entire Hurricane fault zone in
Utah. The age of the displaced alluvial materials is pre-Holocene and possibly
more than 50,000 years b.p., and the age of displacement is thought to be latest
Pleistocene (see Appendix F, Section F.2.1.2.).

Several apparent graben structures were identified along the Hurricane fault
zone during this study. Just north of Toquerville, immediately north of the mouth
of Shurtz Creek, and in the landslide area south of Cedar City, there are apparent
small-scale graben structures within the main Hurricane fault zone. A short
distance north of the Utah-Arizona border, lineations and the distribution of
alluvial units suggest that a zone of Quaternary faulting extends several miles west
from the main Hurricane fault zone, forming an apparent horst and graben

structure.

On a larger scale, a zone of complex horst and graben structures at least 5
km wide extends northwest from the main Hurricane fault zone in the area
northeast of Anderson Junction. Prominent fault scarps oceur in both late
Pleistocene alluvium and in Pleistocene basalt flows NNE-trending structures
associated with the Virgin Anticline project to intersect the Hurricane trend in this

area.
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Another large apparent graben structure ocecurs southwest of Cedar City.
Fault traces exposed in trenches excavated during this investigation in this area

cut Pleistocene alluvium and overlying basalt, and may cut late Pleistocene
colluvium along the east side of the Cross Hollow Hills (see Chapter VIII, and

Figure VII-1). These discontinuous fault traces and associated air photo linea-
ments were mapped to the southwest along the east side of North Hills to a
projected intersection with the main Hurricane fault zone near Murie Creek. This
relationship suggests that the alluvial valley(s) southwest of Cedar City between
the Hurricane Cliffs and the Cross Hollow and North Hills may be a late
Pleistocene graben, here referred to as the Shurtz Creek graben. This structure is
similar to structures located northeast of Cedar City along the southern part of the
Paragonah fault (see Figure E-11).

C. Washington Fault Zone

The Washington fault is one of the major tectonic features in northwestern
Arizona and southwestern Utah (see Figure IV-1). The fault has been mapped
northward from just south of Wolf Hole, Arizona to just north of Washington, Utah,
a total distance of approximately 68 km (Dobbin, 1939; Cook, 1960; Cook and
Hardman, 1967; Hamblin, 1970a,b; Best and Hamblin, 1978; Wilson and others,
1969). Along much of its length in Utah, the Washington fault lies just west of, and
parallel to prominent west-facing topographic escarpments and high ground,
including the southwest end of Washington Dome, Warner Ridge, and the west side

of Beehive Dome.

The Washington fault lies within the Grand Canyon subprovince of the
Colorado Plateau Tectonie Province (see Appendix E, Figure E-3). The Washington
fault is one of several major west-down normal faults within this subprovince.
These faults bound the series of northeastward-tilted fault blocks which form the
Grand Staircase transition from the Basin and Range province to the higher-
standing Colorado Plateau to the east.

14 Earth Sciences Associates



The age of initiation of movement on the Washington fault is not certain, but
its formation may have been related to relative down-dropping of the eastern Basin
and Range province as a result of collapse of regional upwarping during Late
Cenozoic time. Structural differentiation of the provinces began some time after

29 m.y., with vertical movement along faults including the Washington fault.

Displacement on the Washington fault increases southward. Vertical dis-
placement has been estimated to range from several hundred feet (a few hundred
meters) near the Virgin River, where the fault breaches the northeast-trending,
pre-Quaternary Virgin anticline (Washington Dome, in part), to 2,500 feet (760 m)
at the Arizona state line (Dobbin, 1939; Cook and Hardman, 1967).

The Washington fault in Utah is considered to be both seismically active and
geologically active (this report), in the sense that strands of the fault displace
Quaternary geologic units. The fault is located within the intermountain seismic
belt (see Appendices E and F), a major zone of intraplate seismieity within western
North America. One historic earthquake thought to be in the range of 4 to 42
magnitude occurred in 1891 in the St. George area (see Appendix F, Section F.1.2,

and Figure F3), and may have been associated with the Washington fault.

Prior to the present investigation, Late Quaternary movement along the
Washington fault in Utah had not been documented. Consequently, the Washington
fault is not shown on the Quaternary Fault Map of Utah (Anderson and Miller,
1979), and is shown as concealed (dotted) beneath Quaternary deposits on the
Geologic Map of Utah (Hintze, 1980). As part of this study, however, detailed field
mapping and exploration were conducted in the immediate vicinity of the SCS dams
in the St. George area. The results of these investigations are discussed in Chapter
VIII C, D and E of this report and shown in Figure VII-2 (scale 1:24,000). In
summary, the results of the detailed field mapping and exploration in the Gypsum
Wash-Warner Draw-Stucki area indicate that the Washington fault, which passes
between Warner Draw and Stucki Dams and through Gypsum Wash Dam, displays

probable early Holocene, normal, east-side-up displacement.

In addition to field mapping and exploration, new, high quality, 1:24,000 scale
low-sun angle (both AM and PM), black and white stereoscopic aerial photography
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was flown in October, 1981 along the mapped location of the Washington fault in
Utah. The photography was analyzed for lineations suggestive of teetonic origin,

and possibly related, geomorphic and geologic features. South of the Stucki dam
area, the Washington fault appears on the aerial photography as a prominent,

apparently single linear. This linear sharply juxtaposes a bedrock pediment along
the base of Warner Ridge against dissected, Quaternary older alluvial fan (Qof on

Figure VI-2) bajadas along a subtle west-facing scarp.

From just southeast of Stucki dam northward toward Washington, the fault
appears as a number of discontinuous bedrock lineations, tonal lineations in
Quaternary alluvium (Qa) and alluvial fan deposits (Qaf), and west-facing scarps
juxtaposing Quaternary older alluvial fan deposits (Qof) and/or alluvium (Qa; see
Figure Vi-1). North of Gypsum dam, the Washington fault is not readily
identifiable on the aerial photography.

D. Grand Wash Fault Zone

The Grand Wash fault zone, also designated the Cedar Pocket Canyon-
Gunlock fault (Figure IV-1 and Figure E-13), and the Gunlock-Veyo fault (Figure E-
9), is a major tectonic feature in northwestern Arizona and southwestern Utah
(Cook, 1960; Dobbin, 1939; Anderson and Mehnert, 1979; Best and Hamblin, 1978).
The fault zone has been mapped as extending from the vicinity of Grapevine Wash
in northwestern Arizona (Wilson and others, 1969), northward to the vicinity of
Gunloeck, Utah, a total distance of approximately 159 km.

The Grand Wash fault forms the boundary between the Basin and Range and
Colorado Plateau provinces in northwestern Arizona. North of the Utah Border,
the boundary is less well defined, but is interpreted (Anderson and Mehnert, 1979)
to follow the Cedar Pocket Canyon-Gunlock-Veyo fault zone (the northern continu-
ation of the Grand Wash fault). The boundary then apparently steps eastward along
the north side of the Pine Valley Mountains to join the Hurricane-Parowan-
Paragonah/Monocline-fault system near Cedar City. The structural bloek between
the west-down normal Grand Wash fault zone and the Hurricane fault has been

uplifted at least 64 m/m.y. in Late Cenozoic time (Hamblin and others, 1981).
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The age of initiation of movement on the Grand Wash fault is not certain, but
its formation may have been related to relative down-dropping of the eastern Basin

and Range province as a result of collapse of regional upwarping during Late
Cenozoic time. Structural differentiation of the provinces began sometime after
29 m.y., with vertical movement along faults including the Grand Wash.

The Grand Wash fault zone in Utagh is considered to be seismically and
probably geologically active (Anderson and Miller, 1979). The fault zone is located
within the intermountain seismic belt (see Appendices E and F), a major zone of

intraplate seismicity within western North America.

17 Earth Sciences Associates



—\,"
/ o
.

</ &

5

S
@ &3

I

> b1+

]

Ivins Dam
. /
Qlvins N

5 J) @

L § OWashington <

g L =

O St. GeorgeO « Frog Hollow

wlo o Dam

x| =)

8 1G] T

al<

.

(&) . A

Earth Sciences Associates
Palo Alto, California

0 5
l !

Scale 1:500,000

From: Geologic Map of Utah, by Le!

miles

hi F. Hintze, 1980.

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS

REGIONAL FAULT MAP

Checked by __ Ld,u«yﬁv_,. Datel]/a1ay /8-
Approved by TN - DatFMay 82

Project No.

Figure No.

D118

V-1
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V. FAULT DISPLACEMENT RATES AND RECURRENCE OF SURFACE FAULTING

A. Summary

Although both the Colorado Plateau and the Basin and Range provinces are
presently being uplifted, their rates of uplift are not the same. The Colorado
Plateau is rising faster than the area to the west, and this differential movement is
being accommodated by displacements on the predominantly north-south faulis

that mark the boundary zone between these two provinces.

Fault displacement rates for the faults in southwestern Utah indicate average
slip rates of fractions of a millimeter to a few millimeters per year (see data
compiled by Doser and Smith, 1982). Based on these slip rates, very long
recurrence intervals (of the order of thousands of years) for surface rupture events

at any one location on these faults are probable.

B.  Fault Displacement Rates

Systematic age dating of late Cenozoic basalts displaced by major faults,
such as the Hurricane and Grand Wash faults, provides some of the best estimates
of fault-displacement rates in southwestern Utah and northwestern Arizona
(Hamblin and others, 1981; Anderson, 1980; Anderson and Mehnert, 1979). Hamblin
and others (1981) have carefully studied the stratigraphic offset of dated basalt
flows in drainage systems along the Basin and Range-western Colorado Plateau
border and conclude the following:

"The Grand Wash area in the Basin and Range is rising about 26 m/m.y. and
reflects the regional relative uplift rates between the southwestern Colorado
Plateau and adjacent Basin and Range province. The block between the
Grand Wash and Hurricane faults is rising at an additional minimum rate of
64 m/m.y. (a total of 90 m/m.y.), and the block east of the Hurricane fault is
rising at an additional rate of 300 m/m.y. {a total of at least 390 m/m.y.)"
(Hamblin and others, 1981, p. 298). )

Anderson (1980, p. 535) cites displacement rates for the Hurricane fault of 470

m/m.y. near Pintura, 40 km south-southwest of Cedar City, and 400 m/m.y. in the
North Hills area, about 15 km south-southwest of Cedar City.
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A summary of fault-displacement data compiled by Doser and Smith (1982) as
part of their study of seismic moment rates in southwest Utah supports the
interpretation of fault-displacement rates of the order of a millimeter or less per
year (1 mm/yr = 1,000 m/m.y.) An anomalously high displacement rate of several
millimeters per year at Braffits Creek is now judged to be related to a tensional
collapse structure, apparently deforming aseismically (Anderson, 1980). It should
be noted that many of the displacement or slip rates listed by Doser and Smith
(1982) involve significant uncertainty because of the approximate age estimated
for a measured offset. Data for the Shurtz Creek fault scarp are a case in point.
Nevertheless, the observations indicate the correct order of magnitude, and they
basically agree with the more precise rate estimates of less than a millimeter per

year derived from displacements of accurately dated basalt flows.

Elsewhere in the Utah region, the most reliable information on rates of fault
displacement have come from recent studies of the Wasateh fault. Fission-track
dating of apatites within the uplifted Wasatch Mountain block imply a long-term
late Cenozoic slip rate of 0.4 mm/yr, but detailed trenching studies indicate
Holocene slip rates of about 1-2 mm/yr and late Pleistocene slip rates as high as 4

mm/yr along certain segments of the Wasatceh fault (see Swan and others, 1980).

C. Recurrence Intervals

Extraordinarily long recurrence intervals (of the order of thousands of years)

for the repetition of surface faulting at the same site are now well recognized for

faults in the Basin and Range province (e.g., Wallace, 1981). The Wasatch fault,
which has been perhaps the most active locus of recurrent surface faulting along
the eastern Great Basin, displays average recurrence intervals for surface faulting
of the order of several hundred years to three thousand years at the same site--as
determined from detailed trenching studies across four different fault segments
(Swan and others, 1980; Hanson and others, 1981). The average net vertical
tectonic displacement for surface faulting earthquakes on the Wasatch fault is
about 1-4 m per event (Hanson, 1981), and the recurrence interval for such scarp-
forming earthquakes is 50-430 years for the entire 370 km-long fault zone (Swan
and others, 1980).
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Recurrence rates of surface faulting on the Wasatceh fault probably represent
an upper limit for any active faulting in the Utah region. In western Utah, some

prominent Holocene fault scarps have been estimated to reflect recurrence
intervals for surface faulting greater than 10,000 years (see Wallace, 1981). In the

Cedar City-St. George area, the northern Hurricane fault appears to have the
greatest displacement rate associated with tectonic earthquakes, but the rate of
recurrence of surface faulting along it is unknown. Arguments of Bucknam and
others (1980) and Anderson (1980) suggest a surface faulting recurrence interval
greater than 10,000 years for the Hurricane fault. Additionally, the Hurricane
fault is apparently moving at a grossly similar slip rate to other faults in
southwestern Utah, and recurrence intervals for surface faulting at the same site
of at least a few thousand years are indicated for these other faults at all studied
locations.
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VI. SUMMARY OF HISTORIC SEISMICITY AND EARTHQUAKE RECURRENCE

A comprehensive discussion of the historic seismicity of southwest Utah by
Dr. Walter Arabasz, Jr., is presented in Appendix F of this report. The major
findings related to historic seismicity and earthquake recurrence are summarized

in this chapter.

A. Historic Seismicity

Historic seismicity in the region surrounding the dam sites (as defined below)
was documented for the period of record from 1850 to 1981 by reviewing the
earthquake data files of the University of Utah.

The University of Utah master catalog for the Utah region comprises three
parts (Arabasz and others, 1979, 1980): (1) the 1850 - June 1962 historical catalog;
(2) a catalog for the period July 1962 - September 1974, counsisting of syste-
matically revised, instrumental earthquake locations and magnitudes; and (3) a
catalog of seismicity since October 1974 based upon data from an extensive

network of telemetered seismie stations.

The earthquake data for the regions of interest have been considered in

several different ways:

1)  All earthquakes of 3.0 or Magnitude greater within 200 km of the
center of the study area (lat. 37° 25'N, long. 113° 15'W) have been
listed and plotted. The listing of these earthquakes is provided in

Appendix G.

2) All earthquakes of 3.0 or greater Magnitude within 150 km radial
distance of four specific points, corresponding to the locations of the
various dam sites have been listed. The geographie coordinates of the

four points are as follows:

Cedar City: 37°  39.00N  113°  p4.30'W
Frog Hollow: 37°  o07.00'N  113°  15.30'W
St. George: 37°  03.30N  113°  29.00'W
Ivins: 37°  10.30'N  113°  40.00'W

21 Earth Sciences Associates



Listings for the Cedar City and St. George sites are included in Appendix H.

3. A list of all earthquakes within a rectangular area encompassing St.
George and Cedar City (lat. 36.75°N - 38.00°N, long. 112.00°wW -

114.25°W), appearing in the University of Utah earthquake catalogue,
has been compiled and the epicenters plotted. This earthquake listing is
contained in Appendix I. A plot of the instrumental earthquake
epicenters for the period from July 1962 - December, 1981, is presented
in Figure VI-1. In this illustration, instrumental seismicity is plotted
with different symbols to distinguish earthquake epicenters located
during the period July 1, 1962 - September 30, 1974 (open circles) from
more accurately located epicenters {closed circles) corresponding to the
period October 1, 1974 - December 31, 1981.

Twenty-two earthquakes of estimated Richter magnitude 5 or greater have
occurred within 200 km of the Cedar City-St. George study area between the
period 1850 - 1981. These are tabulated in Table VI-1. Nine of these have had an
instrumentally determined magnitude of 5% or greater. The largest within the 200
km radius region of interest occurred in 1901 near Richfield, Utah (182 km NE of
the center of the study area) and had a maximum Modified Merealli intensity of 8
to 9. This event did not produce any observed surface faulting, and Arabasz and
Smith (1979) estimate that it had a local Magnitude (ML) of 6z+. A map showing
the epicenters of the largest historical earthquakes known from the Utah region
during the period of 1850 - 1978 is also presented as Figure F-3 of Appendix F.

The largest historical earthquakes within the immediate vicinity of Cedar
City and St. George are the following:

(1) An earthquake of April 20, 1891 (Io = 6, ML’\J 5), which shook
Washington County and caused minor damage in St. George (Williams

and Tapper, 1953).

(2) An earthquake of November 17, 1902 (I0 = 8, My " 6) near Pine Valley,
Utah, about 30 km north of St. George. Many buildings in St. George
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Table VI-1. Largest Earthquakes Within 200 km of Study Area,
1850 through 1981"

Magnitude Distance
Date (GMT) Lat. (°N) Long. (°w) 1 (M) Location (km)
1887 Dec 05 37.1 112.5 7 (53) Kanab, Ut. 77
1891 Apr 20 37.1 113.6 6 (5) Washington Co., Ut. 34
(St. George)
1901 Nov 14 38.8 112.1 8-9 (63+) Richfield, Ut. 182
1902 Nov 17 37.4 113.5 8 (6) Pine Valley, Ut. 24
1902 Dec 05 37.4 113.5 6 (5) Pine Valley, Ut. 24
1908 Apr 15 38.4 113.0 6 (5) Milford, Ut. 110
1910 Jan 10 38.7 112.1 6-7 (5-5%) Elsinore, Ut. 171
1910 Jan 12 38.7 112.1 6 (5) Elsinore, Ut. 171
1912 Aug 18 36.5 111.5 6-7 (5%) Williams, Ariz. 186
1921 Sep 29 38.7 112.1 8 (6) Elsinore, Ut. 171
1921 Sep 30 38.7 112.1 7 (52) Elsinore, Ut. 171
1921 Oct 01 38.7 112.1 8 (8) Elsinore, Ut. 171
1933 Jan 20 37.8 112.8 6 (5) Parowan, Ut. 60 -
1934 Apr 15 38.0 115.0 - 5.0 SE Nevada 167
1942 Aug 30 37.7 113.1 6 (5) Cedar City, Ut. 34
1942 Sep 26 37.7 113.1 6 (5) Cedar City, Ut, 34
1945 Nov 18 38.8 112.0 6 (5) Glenwood, Ut. 186
1952 May 24 36.1 114.7 6 5.0 Ariz.-Nev. border 195
1959 Feb 27 38.0 112.5 6 (5) Panguitch, Ut. 93
1959 Jul 21 37.0 112.5 6 53-5-3/4 Kanab, Ut. 81
1966 Aug 16 37.5 114.2 6 5.6 Nev.-Ut. border 80
1967 Qct 04 38.5 112.2 7 5.2 Marysvale, Ut. 158

1Summarized from compilation of regional seismieity (M > 3.0) within 200-km radial distance of study area. Table includes
earthquakes of estimated Richter magnitude 5 or greater. I = maximum Mecdified Mercalli intensity. Magnitudes in
parentheses estimated from IO(M=1+2/3 Io). Distance measured from a point half-way between Cedar City and St. George.



sustained damage and almost every chimney reportedly went down in
Santa Clara (Williams and Tapper, 1953).

(3) An aftershock of the 1902 Pine Valley earthquake that occurred on

December 5, 1902 (I = 6, M| v 5).

(4) An earthquake of January 20, 1933 (I0 =6, Mg,

km northeast of Cedar City. Minor damage occurred in Parowan and

“ 5) near Parowan, 30
Minersville (Williams and Tapper, 1953).

(5) Two earthquakes, apparently as part of a swarm sequence, near Cedar
City on August 30, 1942, and September 26, 1942 (each with I0 = 6,
My v 5). Minor damage occurred in Cedar City during both of these

shocks (Williams and Tapper, 1953).

B. Earthquake Recurrence

Rates of earthquake recurrence in any seismically active region can be
estimated using both seismological and geological data. If a catalog of historical
and/or instrumental seismicity is available, then relationships of earthquake
frequency versus magnitude can be used to estimate the average recurrence
interval or inter-event time for earthquakes of a specified magnitude. Recurrence
estimates can also be made from seismic moment rates determined from available

geologic data on Quaternary faulting.

Each of these approaches has been recently applied to seismically active
areas in Utah, and available information on earthquake recurrence in southwestern
Utah is summarized here. A detailed discussion of this subject is presented in
Section F.3 of Appendix F.

Estimates of the frequency of occurrence for a range of earthquake sizes
were made for the southwestern Utah region, which encompasses an area of 56,160
kmz. In making these estimates, several relationships derived from the historical
and instrumental seismicity were used (Smith and Arabasz, 1979). The three

different cases considered are listed at the bottom of Table VI-2, which also
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Table VI-2 -~ Estimated Frequency of Ocecurrence of

Damaging Earthquakes (in years)

Earthquake  Recurrence for Entire SW Utah Recurrence Within 50 km of any Site

Size Casel Case Il Case 1II Case I Case II Case 1II
ML27.5 313 241 660 2,240 1,720 4,720
M; >27.0 148 125 282 1,060 894 2,020
M; >6.5 70 65 120 500 465 858
MLZG.O 33 34 51 236 243 365
ML35.5 16 18 22 114 129 157
MLZS'O 7.4 9.5 9.3 93 68 66
Case I Historical data, 1850-1978: log Nc = 2.38 - 0.65 ML

Case II: Historical data, 1850-1978: R = 1/[-F(x)]

where After Smith and
Arabasz (1979)

F(x) = expl{-[-exp [ -(x-3.50)/1.141 }, ~co<x<+ =

Case III: Instrumental data, 1962-1978: log Nc =2.73 -0.74 ML

ML = Local Richter magnitude.
N e = Annual number of events equal to or greater than a given
magnitude.
F(x) = Probability that the largest earthquake in a year will
have intensity less than or equal to x.
R = Return period.

Earth Sciences Associates



presents rates of recurrence for a range of earthquake sizes. These values were
determined assuming that the seismicity of the southwest Utah study area is

uniformly distributed over the area. This is a reasonable assumption for earth-
quakes up to Magnitudes 6 to 6z.

A fundamental assumption regarding the estimation of earthquake recurrence
is that the data used to calculate the required parameters accurately represent the
long-term seismmicity of a region. Ideally, the data should represent a period of
time long enough to include at least one repeat interval of the largest earthquake.
Consequently, while rates of earthquake recurrence for magnitudes up to about 6-
63 in southwest Utah can be estimated with a high degree of confidence on the
basis of historical and instrumental seismigity, there is clearly considerable

uncertainty in extrapolating recurrence intervals for earthquakes of larger size.

Since the seismicity of the region has been assumed to be uniformly
distributed, it is possible to obtain an estimate of the frequenecy of occurrence of
earthquakes within a smaller area. If we consider an area within 50 km of any of
the eight dam sites (which amounts to 7,854 kmz), the recurrence interval within
this smaller area is inversely proportional to the ratio of the two areas. Thus, as
can be seen from Table VI-1, the recurrence interval for an earthquake of any
given size occurring within 50 km of any of the eight dam sites is about 7 times

longer than the recurrence interval within the entire southwest Utah region.

The frequency of occurrence of moderate-to-large earthquakes can also be
estimated from geologic data by relating geologically determined slip rates on
individual faults to seismic moment rates (Anderson, 1979; Molnar, 1979). Such an
approach complements analyses based on the historie record of seismicity, which is
generally too short for valid evaluation of the long-term seismic activity over
hundreds or thousands of years. Doser and Smith (1982; see also Doser, 1980) have
applied the moment rate method to various regions in Utah, including the
southwest Utah region (Region IIl, Figure F-12a) defined l;y Smith and Arabasz
(1979) for recurrence analysis of seismicity. They first determined a moment-
magnitude scale for Utah based on the spectral analysis of 18 earthquakes in the
Utah region in the magnitude (ML) range 3.7 to 6.6. Moment rates were calculated

from a compilation of geologic information on slip rates of Quaternary faulting
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in southwest Utah. Earthquake recurrence rates were then calculated using the
slopes of the relationships established by Smith and Arabasz (1979) and an

appropriate coefficient defining the moment-magnitude relationship.

For southwest Utah, the frequency of earthquake occurrence based on
geologically determined moment rates is essentially in agreement with that
calculated from historical earthquake data. The estimated recurrence interval for

an earthquake of 7.0 £M, = 7.5 somewhere in the southwest Utah region is

between 200 and 600 yearsL(Doser and Smith, 1982), where the range results from
an uncertainty in the moment-magnitude scale for Utah. For the same magnitude
range and area, extrapolated seismicity (Smith and Arabasz, 1979) would predict a
recurrence interval between 200 and 500 years. The diserepancy between such an
expectation of a scarp-forming earthquake somewhere in southwestern Utah every
few to several hundred years and the apparent absence of Holocene fault scarps in
southwest Utah may in large part be the result of the extremely active ero-
sional/depositional environment. Anderson (1980) and Bucknam and others (1980)
believe that there has been no radical change in the rate of oceurrence of large
earthquakes during Holocene time compared to the late Quaternary record in
southwest Utah. Two possible implications of the lack of evidence of surface
faulting are: (1) the recurrence interval of surface faulting on individual faults in
southwest Utah may be very long, and (2) there may be different frequency-
magnitude relations for earthquakes smaller than and larger than, respectively,

about magnitude 6-6% in southwest Utah.

Based on consideration of the historical seismicity and the geology of the
region, it is our opinion that the recurrence interval for an earthquake of
Magnitude 7 to 732, in close proximity to any of the dam sites, would range from
1,000 to 10,000 years. For earthuakes of Magnitude 6 to 6% or smaller, the values
given in Table VI-2 for an area within a 50 km radius of any of the dam sites are

appropriate.
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VII. MAGNITUDE OF MAXIMUM CREDIBLE AND MAXIMUM
PROBABLE EARTHQUAKES

The largest historical earthquake in southwest Utah (which produced no
observed surface faulting) had an estimated magnitude of G%S_MLi 7. The

largest historical earthquake in the entire Intermountain seismic belt had a
measured magnitude (M) of 7.1--resulting in a normal fault scarp with a maximum

surface displacement of 6.7 m.

The selection of a maximum size earthquake for any area conventionally is
based on consideration of: the structural and geological features of a region; the
historical experience of faulting within the same (or a similar) tectonic province;
and empirical relations between observations of fault-rupture length, fault dis-

placement, and earthquake magnitude (e.g., Slemmons, 1977).

The maximum size earthquake for the entire Utah region is generally
considered as a "Magnitude 73". The U.S. Geological Survey (1976) postulated the
occurrence of earthquakes as large as magnitude (unspecified) 7.5 on the Wasatch
fault. In the latter study, mention is made of the magnitude (M) 7.1 Hebgen Lake,
Montana, earthquake of 1959 and the magnitude (M) 7.6 Pleasant Valley, Nevada,
earthquake of 1915 as plausible upper limits for the "maximum ecredible" earth-
quake on the Wasatch fault. Here M refers to a "revised magnitude" determined by
the Seismological Laboratory in Pasadena that is distinet from, but essentially
equivalent to, a surface-wave magnitude Ms (see Geller and Kanamori, 1977,
regarding differences between various magnitudes computed and published by

Gutenberg and Richter).

Swan and others (1980) relate measurements of pre-historic fault displace-
ments on the Wasateh fault to Slemmons' (1977) eurve for normal-slip faults to
assert that "surface faulting events associated with earthquakes in the magnitude
range 63 to 7% have occurred repeatedly along (segments of the Wasateh fault)"
(Swan and others, 1980, p. 1458).

Bucknam and others (1980) review data on historic surface faulting in the
Basin and Range province. Their tabulation shows that, excluding the ML = 8.0
Owens Valley, California, earthquake of 1872 (max. displacement = 6.4 m), the
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largest event (coincident with the largest maximum displacement of 5.6 m) is the
ML = 7.8 Pleasant Valley, Nevada, earthquake of 1915. Bucknam and others (1980)
also note that all seven historic earthquakes in the Great Basin larger than My =

6.3 have produced surface ruptures. Without clear explanation, they assume a
maximum magnitude (unspecified) of 7.6 for the Wasateh fault zone, and they
discuss the likelihood of infrequent large earthquakes of "M = 7.0 to 7.6" in
southwest Utah (Bucknam and others, 1980, p. 306-308). M in their usage is simply
"magnitude". The value ML = 7.8 for the Pleasant Valley earthquake is ascribed by
Bucknam and others (1980) to a NOAA data file summary, in which some
conversion was apparently made from the published value of M = 7.6 for that
earthquake (e.g., Richter, 1958).

In the Cedar City-St. George area, Anderson (1980) states that "the 20 m high
scarp in alluvium along the trace of the Hurricane fault at Shurtz Creek clearly
implies a displacement history comparable to other faults in the Great Basin for
which a credible magnitude of 7z would readily be assigned”. Anderson also sees
no evidence that the Shurtz Creek scarp is a composite searp (although evidence
for multiple movements admittedly would be difficult to recognize in the coarse
bouldery alluvium), and he believes that it may represent a single displacement
event {(oral communication to geologists participating in a field inspection of SCS

dam sites in the Cedar City-St. George area, January 1982).

ESA considers it likely that the 20 M high Shurtz Creek scarp is the result of
multiple movements. A 20 M high single displacement scarp on the Hurricane fault
is not a credible event within the context of the historic record. The largest
historic vertical displacement on a normal fault is 14.34 M on the Yakutat Bay
fault in Alaska in 1899 (Bonilla, 1970). This displacement was the result of a
8.5-8.6 M earthquake, a magnitude significantly greater than that assigned to the
Hurricane fault. Evidence of multiple events in the Shurtz Creek environment
would not be expected to be well preserved. Robert E. Wallace of the U.S.
Geological Survey estimates that a one meter scarp in the Shurtz Creek environ-
ment would not last more than 500-1,000 years, and a two meter scarp not more

than two to three thousand years (R. E. Wallace, USGS, oral communication, 5/82).

A maximum earthquake size of Magnitude 73 is a reasonably conservative

value to assign to the study area. The precise number--within differences of
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a few tenths of a magnitude unit--is insignificant, in our opinion, in view of: (1)
inconsistent specification of magnitude secales, (2) general problems with magni-

tude, in general, as a reliable measure of earthquake source properties, and (3) the
range of uncertainty involved in relating magnitude to a predicted value of

displacement, rupture length, or any ground-motion parameter. Adoption of a
maximum earthquake magnitude of 7%, which in practice will likely be measured as
a surface-wave magnitude will be a larger magnitude than that for any historic
earthquake which has occurred in the Intermountain Seismic Belt (ISB). This value
will be consistent with the general consensus of geologists and seismologists
familiar with earthquake risk in the ISB.

On the basis of the historical record of seismicity, the pattern and nature of
known faults, the anticipated distribution of known faulting and the inferred
temporal relationships of regional strain, an earthquake of magnitude 7.5 is
caoncluded to be a conservative maximum credible event for the southwest Utah

region.

Magnitudes of both the maximum credible and the maximum probable
earthquakes which could occur on the nearby faults and which could produce
significant ground shaking at the various dam sites have been estimated and are
summarized in Table VII-1, together with estimates of their recurrence intervals.
For purposes of this study, the maximum probable earthquake represents an event
which has a reasonable probability of occurring during the life of these facilities.
Although the magnitude of the earthquake selected for design should be based on
the level of risk which the owner of the facility is willing to accept for each
specific dam site, it is our judgment, and that of our consultant Dr. Arabasz, that a
magnitude 6 event represents a reasonable earthquake which could oceur during the
life of these facilities and one which each dam should be able to withstand without

catastrophic consequences.
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Dam

Green's Lake
No. 2

Green's Lake
No. 3

Green's Lake
No. 5

Gypsum Wash

Warner Draw

Stueki

Frog Hollow

Ivin's

Table ViI-1

Estimated Magnitude and Recurrence Interval of Maximum Credible and Maximum Probable

Earthquakes in the Vicinity of Dam Sites

Maximum Credible

Closest Fault Distance to Total Fault
to Dam Site  Fault (miles) Length (miles) Magnitude
Hurricane 0 160 7.5
Hurricane 0 160 7.9
Hurricane 0 160 7.5
Washington 0 40 7.0
Hurricane 10 160 7.5
Washington 1 40 7.0
Hurricane 9 160 7.9
Washington 0.5 40 7.0
Hurricane 10 160 7.5
Hurricane 2 160 7.5
Grand Wash 5 99 7.5

Recurrence

Interval (yrs)
1,000-10,000

1,000-10,000

1,000-10,000

2,000-10,000
1,000-10,000

2,000-10,000
1,000-10,000

2,000-10,000
1,000-10,000

1,000-10,000

2,000-10,000

Maximum Probable

Recurence

Magnitude Interval (yrs)
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200-300
6.0 200~300



VIII. GEOLOGIC CONDITIONS IN THE VICINITY OF THE DAM SITES

The investigation of the geological environment of each specific dam site
began with photo-geologic evaluation and identification of lineaments which could

represent active fault traces, followed by field reconnaissance mapping, with
emphasis on the nature of the air photo lineaments and certain geologic features
mapped by previous investigators. Sites determined by the field reconnaissance to
be located on or near suspected active faults were investigated by exploratory
trenching. A discussion of geologic conditions determined to exist at each of the

dam sites is presented in the order listed below:

A. Green's Lake No. 2 and No. 3 (GL-2 and GL-3)
B. Green's Lake No. 5 (GL-5)

C. Gypsum Wash

D. Warner Draw

E.  Stucki

F.  Frog Hollow

G.

Ivins Diversion No. 5

Of the eight dams investigated, five are located on faults, or within fault

zones, and these sites are discussed first.

A. Green's Lake No. 2 and No. 3

1. General Geology

Green's Lake Dam Embankments No. 2 and No. 3 (GL-2 and GL-3) are located
at the toe of a major N-S-trending escarpment which rises eastward to the Kolob
Terrace of the Colorado Plateau province. The escarpment or hillfront is
considered to be the locus of the main trend of the Hurricane fault. South of
Cedar City, the escarpment is characterized by moderate to very steep slopes
which are underlain by complex landslides of varying ages, and by areas of
tectonically deformed bedrock. Figure VIII-10 defines bedrock and landslide areas
within the escarpment, and shows a prominent strand of the Hurricane fault which
cuts both bedrock and landslide zones south of GL-3. This strand apparently

extends beneath young alluvial fan deposits to the north.
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The hillfront escarpment in this arca has been dissected by numerous
drainage channels. Periodic torrential runoff has deposited coarse rubble and
bouiders of sandstone, limestone, and basalt up to five or more feet in size in these
ravines. The coarse material deposited in the re-entrants grades finer and less
chaotic to the west across the front of the escarpment, grading to well stratified
alluvial fan deposits which form an apron along the hillfront and underlie the GL-2
and 3 dam site areas. The fan deposits consist of silt, sand, and gravel. Rock types
present in the gravel clasts include limestone, siltstone, sandstone, and gypsiferous
shale derived from bedrock sources to the east. Gravel clasts are typically angular
to flat and up to 2 or 3 inches In size, although cobbles and boulders are ecommon
within the fans near the toe of the hillfront to the east. The alluvial fan sediments
are commonly medium dense to dense silt and sand mixtures with lesser coarser
lenses of sand and gravel. As determined by the trench excavations, the fan
deposits will stand vertically without support for an indefinite time. Site geology
in the viecinity of Green's Lake No. 2 and No. 3 is shown in Figures VIII-1 and VIII-2,

respectively.

2. Eaults

Previous geologic reconnaissance mapping of the Green's Lake dam sites by
R. L. Bridges and D. H. Griswold (data compiled from SCS files) during the late
1950's indicated fault-like features trending generally south-southwest to north-
northeast near the toe of the hills and underlying portions of the embankments.
The locations of these suspected faults, as interpreted from the available SCS
literature, are plotted in Figure VIII-3 (see also Figures VIII-1 and VIII-2), and are
assigned letters A, B, C, D and E.

Air photo studies during the current investigation confirmed the existence of
several lineaments at or near the previously mapped faults on the alluvial fan
deposits. However, subsequent field reconnaissance revealed extensive man-made
alterations to the original ground surface both within and outside of the main dam
embankments. These modifications include cutting and filling operations that were
apparently carried out during dam construction or subsequent repair operations
associated with basin maintenance and spreader dike construction. Because
surficial geologie evidence for faulting or fault-like features on the fan deposits
were not observed at many of the locations previously mapped by Bridges and/or

Griswold, it is assumed much of the surficial reworking occurred after their
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studies. Most of the air photo lineaments currently identified on the alluvial fans
apparently result from anomalous surficial features not related to subsurface

geologic conditions.

Earth Sciences Associates' current field reconnaissance located two prom-
inent scarp-like features at the approximate fault locations previously mapped by
Bridges and/or Griswold. These scarps also coincide with lineaments identified on
air photos, and are shown in Figure VIII-3 as Scarps I and II. Secarp I trends N35E
and is located at the west edge of the present tree cover. Several air photo
lineaments are located in this same area and it is near previously mapped fault
traces "A" and "B". The relief of scarp I is approximately 5 to 6 feet, and the
surface dips at about 25° to the west. Trench GL-2a was excavated across Scarp 1
and encountered locally stratified alluvial fan and chaotie boulder fanglomerate
deposits, indicating the extreme agradation-degradation processes which have
occurred here. Trench exposures revealed no indication of displaced or faulted
stratigraphy at the scarp location, but a sharp discontinuity exists to the west of
the topographic scarp at Station 0+98. At this station, carbonate-cemented gravels
and a silt lens are juxtaposed across a vertical contact with loose, coarser gravels
(see log of Trench GL-2a and Photograph VIII-1). This discontinuity is overlain by 6
to 7 feet of younger, unbroken fan deposits. Trench GL-2d was excavated 40 feet
north of GL-2a across the N5E-striking trend of the discontinuity in order to
determine the extent of the feature, but no similar discontinuities or other
disruptions of stratigraphy were exposed. To the north, Trench GL-2c¢ extends
across the projection of the break found in Trench GL-2a, but no disruptions of the
stratified, fine-to-coarse-grained alluvial deposits were observed in this exposure.
Although it is possible the discontinuity at Station 0+98 in Trench GL-2a resulted
from faulting, in view of the additional unbroken trench exposures along the
projection, we believe that the feature most likely represents a buried stream

channel margin.

North-northeast of the GL-2 dam site and parallel to the GL-1 dam
embankment, Scarp II (Figure VIII-3) trends approximately N20E. It is generally
irregularly defined, but typically has 2 to 4 feet of relief with the west side down.
Trench GL-2b intersected Scarp II (which conceivably coirzides with fault "A" or

"C" as mapped by Bridges), and exposed unbroken fine-grained alluvial fan deposits.
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Trench GL-2¢ was excavated across the southern projection of Scarp II, across the
previously-mapped fault trace "A", as well as across the northward projection of

the break found in Trench GL-2a. As noted above, no evidence of faulting was
detected in the exposed stratified alluvial fan deposits. Scarp-like featuresI and II

are apparently either the result of earlier excavations or natural erosional

features, or are a combination of both.

Surficial features similar to Scarps I and II (which projected through GL-2)
were not observed during reconnaissance mapping near GL-3. The prominent air
photo lineament located in the hills immediately south of Site No. 3 (Figure VIII-
10), which is likely a major strand of the Hurricane fault, and previously-mapped
suspected fault "D" intersect the embankment, however. Trench GL-3a was
positioned on a zone of ground apparently undisturbed by construction activity
across the northward projection of the prominent air photo lineament and suspec-
ted fault "E". Trench GL-3c intersects mapped fault D, which trends N20E from
approximately Station 11+00 of the GL-3 dam embankment (as plotted from SCS
data). Both trenches exposed well stratified, fine-grained alluvial fan deposits
which displayed no evidence of fault disturbance.

Trench GL-3b was located on ground where minor surficial alteration had
occurred during the past, but extended across the prominent Hurricane fault
lineament where it traverses directly along the toe of the hillfront immediately
west of GL-3's right abutment. Extensively sheared and faulted bedrock was
exposed at this location, although the rocks are clearly overlain by an undisturbed,

younger sequence of fine-to-coarse-grained alluvial fan deposits (see trench log).

Materials in the SCS files show that an area within the GL-3 reservoir
subsided substantially when water remained in the reservoir because of a clogged
outflow trash rack during 1967. The area of subsidence extended beneath a portion
of the embankment, and is shown in Figure VIII-2. Because GL-3 dam is located
within the Hurricane Fault Zone, it was suggested that the subsidence was in some

way related to faulting.
Other than the settlement of this zone, no additional evidence was found

during the current investigation to suggest Holocene faulting at this site. Nearby

zones where suspicious fault-like features were identified and subsequently
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trenched revealed no indication of fault disturbance or subsidence deformation in
the alluvial deposits (Trenches GL-3a, 3b, 3¢). Furthermore, it i3 doubtful that the
subsidence occurred as a result of differential settlement of underlying weak,

sheared bedrock materials within a fault zone. Such deformation would likely have
been present in Trench GL-3b where sheared bedroek conditions were exposed, but

were found to be overlain by flat-lying, undeformed alluvial sediments. Both the
intact bedrock materials and the weak, sheared bedrock zones are considerably

harder and denser than the overlying alluvial deposits exposed in the site area.

In summary, all known evidence suggests that the subsidence which occurred
here is the result of solution of gypsiferous materials within the alluvial fan
materials, or collapse of porous mud flow deposits with associated settlement of

near-surface soil deposits.

Because of the proximity of the Hurricane fault zone and the associated
lineament or lineaments which project into the alluvial fan deposits from the
flanking hills, the positions of the GL-2 and GL-3 trenches (and GL-3 subsidence
zone) may very well overlie a strand or strands of the Hurricane fault. However, if
such fault traces exist, they are buried by sequences of younger, unfaulted alluvial
fan dep'osits which are at least as thick as the depth of the exploratory trenches.
Figure VIII-5 is a sketch of inferred geologic conditions in the Green's Lake dams

vieinity, and illustrates suspected fault-alluvial fan relationships.

A determination of the age of the undisturbed fan deposits would indicate the
minimum amount of time an underlying fault, if present, has been inactive.
Although attempts to assign ages to the alluvial sediments were hampered because
of the general lack of soil development, the exposed sediments overlying the
discontinuity in Trench GL-2a contained a weakly developed soil with cambic and
locally weak argillic horizons. Underlying these deposits (adjacent to the discon-
tinuity of probable erosional origin) near the base of the exposure, an incipient
buried paleosol is present within channel fill material. Estimated ages of these two
horizons are approximately 3,500 to 5,000 years and 5,000 to 10,000 years B.P.
(before present), respectively (Dr. R. J. Shlemon, written communiecation), indi-
cating that no fault activity has occurred at this location for at least 5,000 years.
Detrital charcoal samples eollected from specific stratigraphic horizons within
trenches GL-2d, GL-3a, and GL-3b have been submitted for Carbon 14 age-dating,

but results are not expected until early June, 1982.

33 Farth Sciences Associates



B. Green's Lake No. 5

1. General Geology

The Green's Lake No. 5 site (GL-5) is a flood basin formed by the main
retarding dam at Cross Hollow, the north and south dikes, and the natural
topography. Quaternary-age basalt forms the west, south and southeast margins of
the basin, and underlies the relatively high Cross Hollow Hills area west of the site.
In the GL-5 vicinity, the basalt is underlain by older alluvial deposits which
comprise the GL-5 basin floor, and, as determined by exploratory Trench GL-5a,
the right abutment of the north dike and the northeast margin of the basin. These
deposits were penetrated by exploratory borings GL-5-1 and 2 at the main dam
during the current study, and are exposed beneath the basalt approximately two
miles southwest of the GL-5 site in road cuts.

The basalt is characterized by rough, prominent outcrops where steep scarps
exist, notably along the Cross Hollow drainage west of the main dam, and along the
northeast-southwest-trending hillfront adjacent to the GL-5 basin. Where exposed,
the basalt is very hard and prominently fractured, typically forming crude blocks
several feet in size. At the top of the east-southeast-facing hillscarp which flanks
the main dam site, the exposed basalt exhibits a gentle, east-dipping downward
warp, conceivably the result of either gravatational slump-type movement along
this upper margin, or a tectonically induced flexure which may be associated with

adjacent faulting.

The older, underlying alluvial deposits consist of dense, stratified sandy silt,
sand, and gravel lenses which consist of sandstone, limestone, siltstone, shale and
basalt clasts. As determined in Trench GL-5a, most gravel clasts are angular or
flat in shape, with re-worked or rounded elasts comprising an estimated 5 to 10%
of the volume. The alluvium ranges from medium dense to very dense, and stands

vertically in unsupported excavations.
At the base of the hillslopes and below the more prominent scarps on the east

side of the Cross Hollow Hills, talus and colluvial deposits have accumulated in

poorly defined zones which extend outward over the alluvium. The colluvial
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deposits exposed in Trenches GL-5b and GL-5¢ consist of silt to boulder-sized
material. They are commonly a gravelly silt containing erratic basalt cobbles and
blocks with a prominent, overlying hardpan zone of leached calcium carbonate.
Where uncemented by the carbonate, the colluvium is typically loose to medium

dense. Site geology in the vicinity of Green's Lake No. 5 is shown in Figure VIII-4.

2. Faults

Figure VIII-10 illustrates the locations of the GL-5 embankments, the
prominent topographic scarps which trend northeast-southwest and form the
margins of the GL-5 basin, and the numerous air photo lineaments present in the
Cross Hollow Hills to the west. Approximately two miles southwest of the site and
along the projected trend of the scarps and lineaments, road cut excavations
expose both the basalt and underlying older alluvium. At this location, both pre-
and post-basalt age shear planes are present as illustrated by photographs VIII-2
and VII-3 (both north-facing views). Photograph VIII-2 defines a steeply east-
dipping shear within the older alluvium which is clearly truncated by the overlying
basalt. Photograph VIII-3 shows another east-dipping shear which offsets both the

alluvium and younger overlying basalt.

At the northeast margin of the GL-5 basin, exploratory Trench GL-5a is
located along a northeast-southwest scarp where basalt outerops are absent. The
trench exposures indicate this scarp is underlain by apparent down-to-the-west
displacements within alluvium whieh is similar in character to the alluvium
underlying basalt at the road cut to the southwest. Several high angle and apparent
dip-slip offsets which displace well stratified sand and gravel and a well developed
overlying carbonate horizon are present. The age of the latest offsetting
movement (based on the development of carbonate within the trench exposures) is
estimated to be latest Pleistocene, or at least 10,000 B.P. (before present) (Dr. R.
J. Shlemon). Detrital charcoal sampled from strata cut by one of the high angle
shears (see log of Trench GL-5a) has been submitted for Carbon 14 dating, and

results from this analysis are expected in June, 1982.

The prominent, southeast-facing scarp underlain by basalt at the west margin

of the basin is locally mantled by colluvial deposits which were exposed by
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exploratory Trench GL-5b. A nearly vertical discontinuity was observed at Station
0+62 (see trench log) which juxtaposes a distinetive carbonate hardpan (Unit 2a) on
the east side with a stratigraphiecally older colluvial gravelly sand (Unit 3) on the
west. The apparent east-side-down displacement of Unit 2a coincides with the
overall sense of displacement along the west margin of the GL-5 basin. Overlying
the discontinuity, a well developed and undisturbed carbonate layer (Unit 2) is
present, which is expected to be similar in age to the offset carbonate horizon
exposed (Unit 5) in Trench GL-5a to the east (R. J. Shlemon).

Southwest of Trench GL-5b and along the trend of the same scarp (but
southwest of the main retarding dam at the Cross Hollow hills drainage), colluvial
deposits of unknown depth are exposed by Trench GL-5c below a relatively smooth,
consistent slope. The location of this trench is plotted in Figure VIII-10. At this
locale, a continuous, well-developed leached carbonate horizon is displaced
approximately 1 foot on a near-vertical plane in an apparent east-side-down sense
(Photograph VIII-4). This feature may be associated with faulting, or alternatively
the result of gravity induced down-slope movement occurring entirely within the
colluvium,

All the offsets observed along the east margin of the Cross Hollow Hills are
apparently normal (or dip-slip) displacements. The schematie cross section, Figure

VIII-5, illustrates the likely geologie configurations in the GI-5 basin area.

C. Gypsum Wash

1. General Geology

Gypsum Wash dam is located on a gently westward-sloping surface west of
Warner Ridge. The eroded core of a north-south trending anticline lies between
the dam and Warner Ridge. The dam site is on the eroded (or planed-off) west-
dipping flank, and Warner Ridge forms the prominent east-dipping flank. These

relationships are shown on the schematic cross section presented in Figure VIII-7.

Bedrock underlying the site is mapped as Triassic-age Moenkopi Formation,

consisting primarily of thinly bedded gypsiferous shale and siltstone with minor
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interbeds of sandstone and limestone. These rocks locally display tight, contorted
warps and randomly oriented gypsum or caleite-lined shear planes, but exposures in

the vieinity indicate that bedding is typically coherent for extended distances.

Between the dam site and Warner Ridge and along the eroded anticline core,
the topography is cheracterized by low, rounded hog-back hills with sharp "bad-
lands" relief, which has resulted from erosion of the weak shale bedrock. Thin,
older alluvial fan deposits overlie minor portions of the bedrock terrain. Both the
older fans and the bedrock are well dissected by erosion.

In the vicinity of the dam embankment and the diversion berm to the south,
exposures of the bedrock and old fan deposits (which are common to the east of the
site) are buried beneath younger alluvial fan deposits. These younger fans thicken "
westward toward the center of the valley.

The mapped trend of the Washington fault strikes approximately north-south
through this transition area between exposed and buried bedrock, and locally forms

a sharp demarcation between bedrock and alluvial materials at nearby locations.

Exploratory trenches excavated along the trend of the Washington fault
encountered both the older fan deposits exposed at the surface to the east, and the
younger, overlying fan deposits. The younger deposits are typically well stratified
and consist of loose-to-medium dense silt, fine-to-coarse-grained sand, and minor
fine gravel. The sand is characterized by medium- to coarse-grained, weakly
stratified lenses with a "salt and pepper" contrast. Loose silt and fine gravel zones
are common, and form conspicuous, short, discontinuous lenses with sharp contacts.
Soil profiles are virtually absent in these sediments.

The older alluvial fans are typified by relatively denser and coarser-grained
materials. They consist of well stratified silt, sand, and gravel mixtures of varying
percentages with internally chaotic gravelly beds or lenses common locally. The
coarser lenses contain abundant angular and flat clasts of siltstone and gypsiferous
shale. As with the younger fan deposits, no soil profiles or paleosols were observed
in the older fans, since they either have been removed by erosion or were never

developed.
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2. Faults

The trace of the Washington fault has been documented along the east side of
the valley in which Gypsum Wash Dam is located. The fault zone extends
northward beyond the town of Washington, and southward into Arizona for a total
distance of approximately 42 miles. The main trace of the fault is clearly exposed
approximately two miles south of the site. In this area, a prominent scarp with
sharp relief separates dissected Triassic-age bedrock on the east from Quaternary-
age alluvial fan deposits on the west (see Figure VIII-11). Between the well-defined
searp and the dam site to the north, the fault traverses the drainage which extends
westward from Warner Draw. No clear exposure of faulting is present where the
mapped location of the Washington fault crosses the primary Warner Draw drainage
ravine, but a prominent, high-angle fault cuts the Moenkopi bedrock somewhat east
of the mapped trace of the fault. This offset probably represents a major splay of
the fault, if not the actual main trace. At this location, the faulted bedrock is
capped by unbroken, deeply dissected alluvial fan deposits which may be of similar
age to the older fans exposed at the dam site fo the north. Photograph VIII-6

illustrates the prominent shear and capping alluvial deposits at this location.

The trace of the Washington fault near the dam site was apparently located
by pre-construction exploration, which involved excavation of test pits at the
embankment site. These pits exposed ruptured bedrock and fan materials (Test
Pits 118A, 1188, 120B, SCS data) which resulted in re-location of the dam further
east to the present position. Subsequent studies during this investigation indicate
that a wider zone of sheared earth materials than the pre-construction excavations
revealed is present, and that the zone extends further eastward beneath portions of
the dam.

Exploratory trenches excavated during the current study were located along
lineaments or anomalous topographic features observed on air photos and during
field reconnaissance mapping. Figure VIII-6 shows geologie conditions at the dam
site along with the locations of the trenches. Trench G-1 was positioned across a
north-northwest trending photolineament which coincides with the abrupt western
end of the low, dissected hills located immediately south of the south end (or bend)
of the dam embankment. Pre-construction test pit excavations to the north

38 Earth Sciences Associates




exposed discontinuities with trends approximately parallel to this lineament.
Exposures in Trench G-1 reveal dense, approximately horizontally stratified fan
deposits which are cut by numerous high angle shears (sce log). The shears trend
north-northwest with displacements commonly ranging from a few inches to
several feet. Both down-to-the-west and down-to-the-east relative displacement
are present, resulting in a Horst and Graben structure. However, most offsets are
down-to-the-west and coincide with the ncrmal displacement associated with the
Washington fault. At the west end of trench G-1, a thickening wedge of less
consolidated, younger alluvial fan deposits (Units 1 and 9) overlie the older
material. These younger deposits do not appear to be involved in the shearing
which disrupts the underlying older fan deposits.

Trench G-4, located at the toe of the dam between the pre-construction test
pits and Trench G-1, revealed offsets in older fan materials similar to those
exposed in G-1. At the G-4 location, well stratified younger fan deposits are
thicker and more clearly exposed. The uppermost deposits identified as Unit 8 on
the trench log are clearly unbroken. Unit 1, underlying Unit 8 and overlying the
older fan deposits, consists of a generally massive, loose zone of sandy silt. This
zone is apparently involved in the offsetting shears. It conforms to the irregular
surface (which is disrupted by offsets) of the older underlying fan, and is present as
in~filling material in fissures and pull-apart structures along certain shear planes
(Stations 0+26, 0+30, 0+39). The character of the Unit 1 material more closely
resembles the younger of the fan deposits. The age of Unit 1 is estimated to be in
the 5,000 to 10,000 year old range (Dr. R. J. Shlemon, written communication).

South of Trench G-1, Trenches G-2 and G-3 were sited at the western end of
an exposure of gypsiferous shale which forms small, hog-back type ridges. These
trenches exposed a sharp, nearly vertical shear plane which juxtaposes gypsiferous
shale bedrock on the east with dense, older alluvial fan on the west. The shear
plane trends N-S through both the G-2 and G-3 trench exposures, and extends
upward to within 2 feet of the ground surface (see logs of Trenches G-2 and and G-
3, and Photograph VIII-5). Young alluvial fan materials overlie and are in sharp
contact with the older fan deposits, and are clearly offset by 2 inches on the shear
plane in a down-to-the-west sense (the amount of bedrock and older fan offset is at
least 4 feet). These offsets are located at Sta. 0+25 in trench G-2 and at Sta. 0+15
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in Trench G-3 (see logs). The displacement of the young fan material most likely
results from either direct tectonic fault displacement along the shear plane
(indicating recurrent movements), or differential settlement across the shear plane
by dissolution of gypsiferous material, or differential compaction across the shear
plane (conceivably as a result of strong seismie shaking). Information on the depths
and nature of alluvial deposits underlying the trench west of the shear plane could
lend weight to one of the above possibilities. In any case, it is assumed the bedrock
offsets exposed in G-2 and G-3 define a major trace of the Washington fault at this

site.

Between Trenches G-3 and G-1, Trench G-X was excavated and inspected
during a field meeting at the site on January 26, 1982. This trench was not logged,
since it was excavated in an attempt to resolve to those present, the nature of the
offset relationships between the younger and older alluvial units as defined in
Trenches G-2 and G-3. Trench G-X revealed a single zone of rupturing within older
alluvial deposits. An overlying sequence of loose, young alluvium a few inches in
thickness was found to be unbroken.

The relationship of the Gypsum Wash dam embankment and the main trace of
the Washington fault or fault zone is shown on Figure VIII-6. At the southeast end
of the dam, the fault location is based on the northward projection of the fault as
exposed in Trenches G-2 and G-3, the observed location of the bedrock/alluvium
contact just south of the dam embankment, and bedrock exposures within the basin
just to the north. Bedrock is at least 10 feet below the surface just to the west,
where Trenches G-1 and G-4 expose the sheared alluvial deposits. Within the
trenches, these shears increase in frequency eastward (see trench logs), supporting
the concept that fault activity has been concentrated along the projection of the

locally exposed bedrock/alluvium contact, as illustrated on Figure VIII-6.

Near the central and northern portion of the dam embankment, areas where
the low, rounded hills are present generally coincide with areas underlain by
bedrock. Here the available evidence indicates the Washington fault is located
along the western edge or toe of the hills as shown in Figure VIII-6, separating
bedrock from the essentially flat-lying alluvial fan deposits to the west.
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The exact location where the trend of the Washington fault trace or zone
intersects the dam alignment between its location at the southeast end of the dam

and the generally well-defined hillfront scarp just northwest of the dam is
speculative because of the lack of bedrock exposures and locally altered

topography near the dam. An available SCS construction drawing ("Cracks Exposed
in Bedrock Foundation and Cutoff Excavation, Gypsum Site", 5/74) indicates a
series of northwest-southeast trending cracks exposed on the surface and within (?)
the embankment cutoff trench between Stations 28+30 and 30+25, which may
represent the fault location. The geologic logs of the foundation excavation and
cutoff excavation ("Geologic Profile - Cutoff Trench and Foundation Excavation,
Gypsum Site", 4/74; SCS data) only illustrate lithologic zones and do not indicate
the presence of cracks or shears at these or other locations along the dam

alignment.

Figure VII-7 is a schematic sketeh of a simplified south-facing cross section
of geologic conditions at the Gypsum Wash site. The shear relationships exposed in
the trenches during the field investigation are summarized by the fault offsets
illustrated at the circled letter "A", "B", and "C". "A" represents the northward
projection of the shear located in Trenches G-2 and G-3 through the low hills just
south of the southernmost corner of the dam. It is assumed the contact of bedrock
and old alluvium existing at this location is a fault contact, although no excava-

tions were made here because no potentially datable soils are present.

"B" represents the conditions exposed in Trenches G-2 and G-3 where the
prominent shear plane offsets bedrock, older and younger alluvial deposits as
described above. The estimated age of the young fan deposits in these trenches is

no older than 1,000 to 1,500 years (Dr. R. J. Shlemon, written communication).

"C" illustrates the relationships in Trench G-4, where alluvial Unit 1 with an
estimated age of 5,000 to 10,000 years is involved in shear offsets. The youngest,
uppermost sediments at this site (Unit 8) are estimated to be of late Holocene age,
and are unbroken. The older alluvial fan deposits exposed in all of the Gypsum
Wash trenches are estimated to be late Pleistocene, or between 10,000 and 25,000
years old (Shlemon). Although no materials were found in the trenches which could
be positively dated, conditions exposed indicate that fault-related displacements of
the alluvial materials underlying the dam are likely to have occurred during

Holocene time.
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D. Warner Draw

1.  General Geology

In the dam site locality, Warner Ridge strikes approximately north-south and
forms the western margin of Warner Valley. The ridge is underlain by the east
flank of an anticline, the axial zone and western flank of which are now eroded
away. Runoff from Warner Valley has eroded a low gap in the ridge forming
Warner Draw, a narrow westward-draining channel where Warner Draw Dam is
sited. Most of the foundation and right abutment of the dam is underlain by well-
bedded Triassic-age rocks of the Moenkopi and Chinle Formations, which also
underlie Warner Ridge and dip eastward approximately 20 degrees from horizontal.
These rocks consist mainly of weak shale with prominent interbeds of harder
siltstone and fine-grained sandstone, and individual beds can ecommonly be traced
for many hundreds of feet where exposed. The character of these rocks is

described further in materials contained in the SCS files.

The left abutment and a portion of the southerly foundation area is underlain
by old alluvial sand deposits, which are at least partially eolian. The alluvial
deposits range from well sorted (poorly graded) silty sand to sandy silt, and are
typically massive with a few minor stratified pockets of coarse sand and gravel.
Leached carbonate commonly cements the alluvial sediments, forming dense,
stable deposits which have been locally incised by erosion. According to previous
records produced during dam construection, the alluvium extends to considerable
depths, filling an old stream channel meander located just south of the present

drainage channels (SCS data).
2. Faults

The prominent gap at Warner Draw suggests the presence of a weakness or
discontinuity in the Warner Ridge bedrock at this location. Nearby, prominent
shears cut the conspicuous promintory located about 3,000 feet southwest of the
site, where the point of the ridge has been displaced downward to the west (see
Figure VIII-12). The possibility that a weak zone at Warner Draw resulting from
another similar fault splay was considered, since the Washington fault is located

only % mile to the west.
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Several air photo lineaments which extend close to or in the direction of the
Warner Draw gap were identified during this investigation. Their orientation was
anomalous to the general north-south trend of the Washington fault, however, and
field examination of bedrock outerops and ravine channels cut in alluvium where
the air photo lineaments were plotted revealed no evidence that the lineaments
were fault related. Reconnaissance of the Warner Draw drainage indicates that
the bedrock is essentially coherent near the dam, with a progressive increase in
fracturing and distortion westward to the Washington fault zone. (The major shear
displayed in Photograph VIII-5 and described in Section VIII-C.2 is located at the
eastern margin of the fault zone.) However, a small bedrock fault exists near the
Warner Draw channel bottom which intersects the downstream toe of the dam
(Figure VIII-8, fault (A)). The fault has an apparent thrust offset of three feet and
is oriented N20E, dipping 30 southeast. Photographs VIII-7 and 8 illustrate this
feature which is a continuous, consistent tight plane traceable throughout the
bedrock exposure. An offset of similar orientation is locally exposed in bedroek
higher in the stratigraphic section, approximately 1,000 feet to the south. During
dam construction, another bedrock fault (Figure VIII-8, fault (B)) was mapped at
Station 15+70 of the embankment alignment in the foundation cut-off trench (SCS
data). Information as to the strike and amount of displacement is not available,

but it is conceivable this shear parallels the above described offsets.

Inspection of the adjacent alluvial deposits along the projection of the dam
site faults revealed no signs of disturbance. Exploratory trenches WD-1 and WD-2
were excavated across the projected strike of the fault shown in Photographs VIII-7
and 8, and across the speculated trend of the fault mapped in the foundation cut-
off trench. The trench exposures revealed dense-to-very-dense, fine-grained silty
sand deposits whieh display no evidence of faulting or other disturbances. The
faults present in the adjacent bedrock are considered to be ancient features which
most likely resulted from compressional stresses associated with folding of the

Warner Ridge anticline.
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E. Stucki

1. General Geology

Stucki dam extends for 1,400 feet across a broad, north-draining Valley which
parallels the Washington fault and Warner Ridge. These features are located
approximately 2,000 feet and 3,000 feet to the east, respectively (see Figure VIII-
11).

Alluvial fan deposits extend westward from the ridge front and obscurely
merge with valley fill and stream channel alluvium along the lower east side of the
basin (see Figure VIII-9). The fan and alluvial deposits underlie all but the extreme
western end of the dam embankment. The west (left) abutment of Stucki dam and
the southward-extending basin margin is formed by a continuous, east-facing slope
which is eroded into older, very dense sandy alluvium. The flat upper surface of
the old alluvium west of the left abutment slope is underlain by a well developed
calerete or hardpan layer, which results in a prominent ledge at the top of the
east-facing slope. At the toe of this erosional escarpment, the alluvium within the
drainage basin is in disconformable contact with the older, dense alluvium. A
description of the lithology of the earth materials present at the site is presented

by Deming and Bridges 1971 construction report in the SCS files.

2. Faults

The Washington fault is prominently exposed east of the site, where alluvial
fan deposits on the west are juxtaposed with Triassic rocks on the east. The
current investigation disclosed no traceable surficial evidence of westward-
branching splays extending toward the embankment, but the prominent left
abutment and basin margin (which forms a continuous, north-northwest south-
southeast escarpment) was regarded as a suspicious feature in view of the similar

configuration of the nearby Washington fault.

Field reconnaissance along the escarpment just south of the embankment
established the continuity of horizontal beds at and just below the calerete. These

beds can be traced several tens of feet westward within a prominent erosional
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gully present here. The central and lower portions of the escarpment were further
investigated by exploratory trenches SD-1 and SD-2. These trenches exposed very

dense sand and silt in thick, poorly defined flat-lying beds, overlain locally by
colluvial deposits (see log of Trench SD-1). At the toe of the slope, Trench SD-1

exposed the dense old alluvium at an abrupt, near-vertical contact with loose,
younger alluvium. Rubbly material derived from the older alluvium extends
eastward from the contact for a few feet below the overlying younger deposits as
illustrated on the trench log. Shear planes, dragged structures or other features
indicative of faulting were not exposed. Trench SD-2, excavated 100 feet to the
north at the toe of the slope and along the trend of the vertical contaet, exposed
an eastward-thickening wedge of younger, looser, valley alluvium, forming a
smooth, shallowly-east-dipping contact with the underlying dense old alluvium.
The above conditions indicate the vertical contact configuration of the alluvial
units in Trench SD-1 represent an old wash or ravine bank which was subsequently
in-filled by the younger alluvial deposits. QOn the basis of the exposures afforded by
the erosional gully below the calcrete and the exploratory trenches, the left
abutment escarpment is considered to be a natural erosional feature and not the
result of faulting.

Additional geologic investigation concerning the remainder of the dam site
was performed by the SCS during construction operations when a cut-off trench
was excavated into the alluvial deposits prior to placement of the embankment.
Faults or shear planes were not reported during construction, and none are
illustrated on the log of the cut-off trench (SCS data). Considering the extent of
the site exploration, it is reasonable to assume the foundation and abutments of

Stucki dam are free of active fault traces.
F. Frog Hollow

1. General Geology

Frog Hollow dam site is located approximately 2 miles east of the conspicu-
ous north-south trending Hurricane fault scarp. Quaternary-age basalt flows
(which are common in the vicinity of the fault) extend eastward from vents near

the scarp and underlie the dam site. North and east of the site, alluvium of varying
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thickness overlies basalt flows which have been mapped as Stage 3, or oldest of the
flows in the vieinity (SCS construction reports). South and west of the dam, a
younger basalt flow (Stage 4) forms an obvious contact at the western margin of
the alluvium that underlies the drainage basin upstream from the dam (see Figure
VIII-12).

Geologie conditions exposed in Workman Wash (the Frog Hollow dam site
channel) before and during placement of embankment materials were investigated
by the SCS and are described in pre-construction geologic reports available in SCS
files. These studies indicate relatively pervious zones at the upper and lower
margins of the basalt flows, and a southerly-dipping alluvium/basalt contact
underlying the present embankment. Basalt exposures currently observed near the
dam indicate only hard, fresh materials, particularly in the channel bottom where
abrasion from stream flow has scoured the rock. [Earlier reports indicated
"extremely weathered" basalt apparently in or along the channel, but only fresh

rock was observed at the available downstream exposures during the current study.

Basalt exposed in the channel downstream from the dam is fractured along
two major joint set orientations, both of which are nearly vertical. One set strikes
north-south to N15W, with joint spacing ranging from 2 or 3 feet to 10 feet, but
typically about 5 to 6 feet (Photograph VIII-9). The second joint set cuts the basalt
at approximately right angles to the first mentioned set, striking N40 to 60E with
spacing from about 3 to 10 feet, averaging 6 feet or greater (Photograph VIII-10).
Near the rock surface, many of these joints are open several inches or more as a
result of erosion and scouring, but appear to be generally tight at depth. Surface
exposures in the channel indicate these joint sets are poorly developed, generally
extending for a few tens of feet where they die out or are truncated by other
fractures.  Near-horizontal flow structures, including fractures and cooling
vesicules, are exposed throughout the channel, and result in more prominent and

continuous zones of discontinuity than the joint sets.

Alluvium overlies bedrock upstream from the site. At least 8 feet of alluvial
cover is currently exposed where deep gullying exists at the margin of present
storage basin. Preconstruction excavations and borings in the upstream area
indicate the alluvium has a maximum thickness of several tens of feet in the areas

explored.
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2. Faults

Both the review of previous geologic mapping and reports together with the
current air photo analysis and field reconnaissance, indicates the Frog Hollow site
is free from active faulting. The Triassic sedimentary rocks which underlie the

basalt in this area may be faulted, but no evidence of such faults, if they exist, are

found in the younger, overlying Quaternary basalt or alluvium.

G. 1lvins Diversion No. 5

1. General Geology

The Ivins Diversion No. 5 embankment is sited on an alluvial fan deposit
which extends south-southeastward from the prominent erosional scarp at the south
end of the Red Mountains. The steep escarpment is cut in nearly horizontal beds of
gypsiferous shale, siltstone and sandstone of the Triassic-age Kayenta Formation,
above which Navajo formation sandstone forms vertical, prominent cliffs. At the
west end of the diversion dams and just north of the town of Ivins, an old bloek
slide is present which rests on the lower portion of the escarpment (see Figure VIII-
13). Large, integral masses of both the Navajo and Kayenta formations are
exposed in this slide deposit. The degree of erosional dissection and amount of
colluvial debris which masks portions of the block slide suggest this feature is most

likely pre-Holocene in age.
2. Faults

Several prominent lineaments are present in the Navajo sandstone which caps
the southern end of the Red Mountains (see Figure VIII-13). Field reconnaissance
revealed no evidence to indicate these lineaments extend below the Navajo
sandstone into the underlying weaker shales. Prominent, vertical fractures cut the
Navajo sandstone at the cliff-top exposure and presumably account for the

lineaments observed.
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Additional reconnaissance of an air photo lineament in Quaternary deposits
east of the site failed to disclose any evidence of disturbed materials. Based on

the conditions observed, the Ivins dam site is considered to be free of faulting.

Major faults which are present in the region include the Grand Wash fault
located approximately 5 miles west of the site, and the Washington and Hurricane
faults, located 10 miles and 21 miles east, respectively. Each of these faults has
experienced normal, down-to~the-west displacements.
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Photo VIII-1 View of south wall and floor of Trench GL-2a, Station 0+98. Coarse, rubble zone with
locally loose gravel to left of sharp discontinuity; lighter-toned carbonate cemented gravels
and underlying silt lens (on floor) to right. Most observers agreed this feature represents an
old erosional channel margin. Overlying sediments at red flagged nail are continuous.



Photo VIII-2 View approximately north of road cut at south end of Photo VII1-3 View of the same road cut just east of Photo VII-2. At

the Cross Hollow Hills. Basalt mapped as Quaternary in this location, both the alluvium and younger overlying
age disconformably overlies older, stratified alluvial de- basalt are displaced by shearing, indicating a post-basalt
posits which have been offset, Sharp, continuous basalt/ flow rupture. Assuming the basalts of Photos V1I-2 and
alluvium contact indicates rupturing occurred prior to VII-3 are the same age, recurring displacements are

basalt flow. indicated.
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Photo VIII4 View of south wall of Trench GL-5¢c. Colluvium derived from Cross Hollow Hills basalt to
right mantles slope. Prominent carbonate (hard pan) horizon 1 or 2 feet below surface is
disrupted locally along near-vertical planes. Trench GL-bc is located along southern pro-
jection of prominent scarp and an offset exposed in Trench GL-5b.
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Photo VIII-5 View of south wall of Trench G-2. Shear plane extends Photo VIIl 6 View of north wall of ravine which extends westward
from bottom of wall just left of shore upwards to 1 inch from Warner Draw. Deeply eroded vertical channel in
from top of photo. Gypsiferous shale bedrock at lower disrupted shale and siltstone of Moenkopi Formation is
left, bedrock debris and older alluvial fan at lower right prominent shear zone associated with Washington Fault.
across shear. Young alluvial fan overlying is pale gray Undisturbed alluvial fan deposits unconformably overlie
and is offset 2 inches at base. Moenkopi Formation at contact approximately 1.75

inches below top of photo. Pine Valley Mountains north
of St. George in background.
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Photo VIII-7 View northeast of Chinle Formation outcrop on southeast side of ravine approximately
100 feet downstream from toe of Warner Draw dam. Rock hammer inserted in bedrock
fault plane with apparent 3 feet of thrust displacement. Shear plane is a tight, continuous
plane oriented N20E dipping 30% SE. No evidence of disturbance was found within young-
er materials explored along the projection of this fault.

Photo VIII-8 View southeast of same fault plane as in Photo VI111-7 where it intersects outlet pipe at toe
of Warner Draw dam. Plane is located just above head of rock hammer and appears to co-
incide with bedding planes at this configuration.



Photo Vlll 9 View north of basalt (mapped as Stage 3 in SCS data) approximately 500 feet downstream
from toe of Frog Hollow dam. Prominent joints oriented N5W are well defined at the sur-
face but appear to tighten with depth. Abrasion-polishing of basalt in lower portion of
channel obvious.

Photo VI11-10 View east of basalt downstream from Photo V1I1-9. A second well defined joint set orient-
ed N55E is exposed here. Rock hammer located where erosion has cut laterally into the
channel wall along joint plane. Approximately horizontal flow banding and associated
fractures are apparent here and form the most continuous structures within the basalt.
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EXPLANATION
GEOLOGIC UNITS

Alluvial fan deposits: silt, sand, and gravel;
focally rubbly.

I
(ERRRERERERY

Basalt: poorly defined zones of limited areal
extent.

Landsiide deposits:poorly defined
accumulations of Qb and JTr.

Jurassic and Triassic rocks, undifferentiated:
includes sandstoneg, siltstone, gypsiferous
shale, and limestone,

SYMBOLS
Geologic contact; approximately located.

Topographic scarp focated during ESA field
reconnaissance; hachures on down-dip side.

Suspected fault traces located from SCS data;
refer to Section V1. A-2 for discussion.

Strike and dip of bedding.

Exploratory trench location,
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EXPLANATION

GEOLOGIC UNITS

Alluvial fan deposits: stratified, silt, sand,
gravel.

Basalt: poorly defined zones of limited areal
extent,

Landslide deposists: poorly defined accumu-
lations of Qb and JTr.

Quaternary
o

‘[ JTr Jurassic and Triassic rocks, undifferentiated:’
includes sandstone, siltstane, gypsiferous
shale, and limestone.

Jurassic-
Triassic

SYMBOLS

——— Geologic contact; dashed where approximately
located. -

L L Projected major trace of Hurricane fault below

unbroken Qaf.

Suspected fault trace of D. H., Griswold
(SCS data).

Exploratory trench location.

Approximate area of subsidence that resu)ted
from standing water in 1967,

0 100 200 feet
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EXPLANATION

GEOLOGIC UNITS

Collvium: loose to medium dense calcareous

silt, sand; locally rubbly.

Basalt: hard, fresh.
|
—L Alluvium: dense, well stratified silt, sand

gravel.

Tertiary Quaternary

SYMBOLS

Geologic contact; approximately located.

D Fault; dashed where approximately located;
ap— e ? queried where uncertain; relative displacment
U ‘indicated by D - down, U - up.

\ __‘GL-Sa Exploratory trench location.

NOTE
See Figure VI11-10 for location of Trench GL-5c.

0 200 400 feet
|
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GEOLOGIC UNITS

Alluvial fan.
Flow basalt.
Alluvium,

West East Landslide deposits.
Jurassic and Triassic rocks

) (includes local intrusions of basalt)
Hurricane Fault Scarp

Cedar City SYMBOLS

Cross Hollow Trench

- GL-3 : :
Hills ¢ Geologic contact: approximately located;

| (projected) queried where uncertain.
4 P
Green's Lake . . )
No. 3 Trench | Normal fault within Hurricane fault zone:
Trench GL-3b ~ arrows indicate relative displacement;
°0b GL-5b Green's Lake No. b Trench l queried where displacement or existance
v North Dike GL-ba 1 } speculative.
\ﬁ\—/ TT——
a = Qc NOTES
e — b &S —"|, -
e —
QTa 5 Section is a diagrammatic sketch summarizing the
L T A geologic conditions determined during the current
- r investigation; locations of faults and geologic contacts

will vary from actual field conditions.

View North

No scale
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EXPLANATION
GEOLOGIC UNITS

AMHuviat fan deposits, Holocene: loose silt, sand,
minor gravel; mapped where estimated thick- -
ness greater than approximately 4 feet.

Alluvisl fan deposits, late Pliestocene estimated
age: dense silt, sand, ahd gravel.

Alluvis! fan deposits; undifferentiated.

Moenkopi Formatlon rocks, undifferentiated:
predominately gypsiferous shale, siltstone; with
lesser limestone, sandstone.

Triassic
3
3

SYMBOLS

- o= ? Geologic contact: approximately located;
queried where uncertain.

mm—— e Washington fault: dashed where approximately
U located; queried where uncertain; relative
displacement indicated by D - down, U - up.

Shear planes exposed in exploratory trenches;
hachures on apparent downthrown side

Anticline axial plane trace.

Strike and dip of bedding

Exploratory trench location.

SCS exploratory trench, pre-construction,

SCS exploratory boring, pre-construction.
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East

Axial plane of
N - S trending
anticline

Local zones

of Qof

N\\

View South

No scale

Projected location of
Gypsum Wash Dam

Trm

Washington fault zone

West

f'= —_————

//

GEOLOGIC UNITS

- -
e Young alluvial fan.

& -

5 .

a Old alluvial fan.

o Moenkopi Formation.
8

= Chinle Formation.

NOTES

@ Structural relationship apparent in low hills located
at south end of embankment and north of trenches
G-2 and G-3; major fault trace juxtaposes gypsifer-
ous shale on east with old alluvial fan on west; no
surficial scarp or younger overlying sediments to aid
in dating of last displacement.

Structural relationship exposed in trenches G-2 and
G-3, bedrock offset down to west with older alluvial
fan juxtaposed on west side; overlying young
alluvial fan broken by shear at contact with older
fan; shear dies out upward in young fan.

@ Structural relationship exposed in trench G-4; shears
present in older alluvial fan deposits. Younger fan
deposits overlie older fan, and are involved in shears
as in-filling material in pull-away structures; no
through-going shears into youngest alluvial lenses
near surface.
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EXPLANATION
GEOLOGIC UNITS

Dune sand: fine- to medium-gralned eolian
quartz sand; loose.

Aluvium: fine-grained silty sand with local
sand and grave!; gypsiferous.

Colluvium: clay, sand, and gravel mix; dry,
dense. :

o]

Ts Sand deposits: predominantly fine-grained
poorly graded quartz sand; locally silty or
clayey; dense; abundant carbonate, locally
cemented; typically massive.

Trep Chinle Formation - Petrified Forest member:
clayey shales with lenses of sandstone and con-
glomerate.

Tres Chinle Formation - Shinarump member: fine-

to coarse-grained sandstone and rounded pebble
conglomerate; siltstone and shalé interbeds.

Trm Moenkopi Formation - Upper Red member:
interbedded siltstone and shale; local fine-
grained sandstone.

SYMBOLS

Geologic contact: approximately located;
dotted where concealed

Bedrock fault: dotted where concealed; queried
where existance uncertain; arrow indicates dip
of plane; letters A and B refer to text, chapter
VIi.D-2.

Strike and dip of joint set in bedrock.
Exploratory trench location

NOTE

Geology derived from SCS map dated 6-30-71 and from ESA field
reconnaissance, 1982,
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GEOLOGIC UNITS
Qal Alluvium Tnose 10 dense silt, sand, minor
gravel
>
3
E — Alluvial fan deposits typically dense sitt, sanct
S and gravel
2
C
Older alluvium  dense 1o very dense hory
Q o a I - sontatly bedded s.t and sand locaily cemented
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SYMBOLS

Geologic contact approximate ly located

SD-1
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NOTE
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XPLANATION

LOGIC UNITS

Colluvium.

Talus deposits‘.

Atluvium,

Alluvial fan andlcolluvium, undifferentiated.

Alluvial fan

Questionable older alluvial fan deposits

Flow basalt, quéried where uncertain.

Jurassic and Triqsssic rocks, undifferentiated, queried where uncertain.

Questionable rock
SYMBOLS

Geologic cont  ; dashed where approximately located, queried where

uncertain
Trace of t bedding in Jurassic - Triassic (JTr) rocks.
Strike and dip  bedding:

; showing dip

questionable; showing dip
Verti ; questionable.

Trace of Hurric fault: identified in exploratory trenches; hachures on

Probable trace o Hurricane fault zone: hachures on apparent downthown side;
dashed where roximately located; dotted where concealed.
Possible bedroc fault or major joint set: ball on apparent downthrown side.

Exploratory t location.

Landslide; headscarp area and internal scarp: arrow shows direction of
downslope t; queried where uncertain; may include unrecognized
Quaternary (Qb) flow structures
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XPLANATION

EOLOGIC UNITS

[

Dune and wind blowr{sand deposits.

1

[

-~ [ %]

Colluvium
Talus deposits.

Landslide deposits.

Quaternary
]
>

Alluvium.

QD
g

Alluvial fan deposits.
[

Flow basalt. l

Cretaceous rocks, uncJ[ifferemiated.

Cretaceous

——=

Jurassic - Triassic rfocks:

08 JTrss Jointed, resistant, cross-bedded sandstone.
‘;A, w0

g2 ,

3 JTrs Massive shale.

|
, SYMBOLS
Geologic contact; dasfed where approximately located, queried where uncertain.

Trace of apparent shallowly dipping bedding in Jurassic - Triassic shales {JTrs).

Aerial photograph lineament; probable traces of major joint set and/or bedding
and/or bedrock faultd: ball on apparent down side.

|
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Appendix A
TRENCHING

The exploratory trenching program began in the Cedar City viecinity on
December 10, 1981. Reconnaissance geologic mapping at and in the vieinity of
Green's Lake Dams 1, 2, 3 and 5 prior to selection of trench sites was conducted
during the four following days, and occurred intermittently at later dates as the
project required. Exploratory trenches GL-2a, GL-2b, GL-2¢ and GL-2d investi-~
gated subsurface conditions near Green's Lake dems nos. 1 and 2; trenches GL-3a,
GL-3b and GL-3c were located near dam no. 3. Trenches GL-5a and GL-5b were
excavated along the margins of the Green's Lake No. 5 debris basin located west of
the above sites. Trench GL-5¢ consisted of an existing bulldozer cut along a

mapped lineament, and this exposure was included in the study.

Reconnaissance mapping in the St. George vicinity included the Gypsum
Wash, Warner Draw, Stucki, Frog Hollow, and Ivins sites. Mapping commenced on
January 6, 1582 in the Gypsum Wash, Warner Draw, and Stucki dam area. Prior to
trenching operations, a field tour of the proposed sites was conducted on January 9
for the Bureau of Land Management in order to obtain an archaeological clearance

permit.

Four exploratory trenches (G-1, 2, 3, and 4) were excavated at the Gypsum
Wash site, followed by two trenches each at Warner Draw and Stucki dam; these
excavations occurred between January 13 and January 20, 1982.

Trench exposures in the Cedar City and St. George areas which revealed
faulting or suspicious fault-related features were examined by Dr. R. J. Shlemon,
consulting soil stratigrapher, during the week of January 25, 1982. A field tour of
these sites attended by SCS personnel, Dr. Shlemon, R. E. Anderson of the U.S.
Geological Survey, Denver, Walter Arabasz of the University of Utah, in addition
to ESA geologists was conduected on January 26 and 27, 1982. Following the field
meeting, subsequent work was planned at the Green's Lake No. 3 site. Reconnais-
sance mapping of the Frog Hollow and lvins sites and the additional study at

Green's Lake No. 3 was completed by February 12, 1982.
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The field investigation was interrupted by bad weather throughout the term
of the project.

Exploratory trenches were logged in detail at a scale of 1 inch equals 5 feet,
and reached depths of 14 feet below the ground surface. The trenches were

supported by portable hydraulic shoring and locally by timber shoring where support
was needed for extensive time periods. Barbed wire fencing provided protection
for the excavations when left unattended. All trenches were back{illed by
February 9, 1982.

In the Cedar City area trenches, charcoal samples were obtained from key
stratigraphic horizons for Carbon-14 age-dating purposes. Samples of charcoal
submited for age-dating were recovered from the following sites: Trench GL-2d,
Sta. 0+05; Trench GL-3a, Sta. 0+57, Sta. 1+54; Trench GL-3b, Sta. 0+42, Sta. 1+27;
Trench GL-5a, Sta. 0+05, Sta. 0+10.

Field reconnaissance mapping, trench logging, and charcoal sample recovery
was performed by T. D. Hunt of Earth Sciences Associates. Backhoe service was
provided by George Ziegler and Son of Cedar City, Utah. Dr. R. J. Shlemon
provided geormorphic and soil stratigraphy analysis for geologic age determinations.
The charcoal samples are presently at Teledyne Isotopes (New Jersey), and
Geochron, Krueger Enterprises (Cambridge, Massachusetts) laboratories for age-
dating analyses. The results of these tests are expeected in May, 1982.
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CO3; indurated angular clasts within, <1, ) o |

As @ but denser; poor to moderately well " typically crushed. Punky@‘ Hard sandstone. | / 3
stratified. \ @grades medium dense. il Al i

Colluvium . £ alo Alto, Califormia
grades paler, pervasive CO3. ,3
Bedrock f 8 )grades 1o CO3-saturated gravelly silt; sandstone
(8) GRAVELLY SILT: reddish brown (5 YR 3/4); Ciay streaxs; apparent shear (?) structure. * Very gradationai(7)(8 Jwansition over~1-5"; / irkgromati; biocks common, .| et ;. ISEISMIC SAFETY INVESTIGATION OF EIGHT-SCS DAMS
Deformed SILTSTONE/SHALE/LIMESTONE: ol- massive, chaotic; resembles unit ( 7)but has slightly - no visable shear or depositional cont;cts.(8) v GEOLOGIC' LOG OF TRENCH GL-3b
possibly m;olved in old shearing with Q) ; Sample Number GL-3b-1+33; detrial charcoal and GREEN'S LAKE DAM NO. 3
but no evidence other than apparent over- ash. ; b

Checked by T D Hinbate 5‘77,‘& Project No.| Figure No.

ive (5 Y 5/3); stained pale yellow (2.5 Y 7/4), less CO3, is slightly coarser, and hds Jess well devel-
mottled. oped fine desiccation structure than( 7 .

®- Filled cavity or burrow. : :
nanging contact, 4
Approved by gA Dated?May,82| D118 A6




~ N70W ——»

STATION 0+00 0+10 ' 0+20 0+30 0+40 0+50 : 0+60 0+70 0+80 0+90 : 1+00 1+10
feet l ‘ l
o) | ; | | ! | | ! 1 l | | ! | ! | ! !
: ; ; : Uniform fine sand-silt grades to: @@ weakly
White CO3, stipple dendrites below; gradational, Q . @ , faint horizontal gradations, grading @ @ , faint stratification above, grades homo- interlensed ‘above ash horizons.
obscure to right. N, genous very fine sand-silt below. Ash lens sample @-@

@ Lenses / poorly defined horizon. /@Masaive. @ Grades between@,@A 1o right.
/ ' ' [ \

Root fibers abundant, ; No. GL-3¢-76.
m L~ moist, top 5 - 1.0, @\ \\ \ \

Ash horizon: sample No. GL-3¢c-94 (modern root
fibers common). ’
O@ \

DEPTH, feet

0 / ke \ X S R @ lens, continuous.
’ Lo
ey w? T -~ e G e, e s e S S e e N\ :
:_’—‘-’; -'-: % ;-\"'7-—'. A ‘—‘._‘,"'-—_‘\;;':.'—-J’—_:’ e e T AT S e —— e T T O e e s -
— _— ———s-—';___&____-'_——— .‘;—__’——h‘_o_-_a\‘;$~ __—b._.\\. -_-—_.‘;__—'_—_._:-.—.—': o) ve PP g e e it ,‘_a_<_.—-
D e — o — &2 .'..‘“.‘.v-:.._q‘ i L'H—v‘ ._ . e --;,-‘-\-_é—\_.;:———-—‘—”:‘
v L Sy G SRR
@ d WESELL IR e el R R 0 \ —-;-;-—;: —-’."?(‘.\:-__\
- R A ~—~—-—\-_~'~\——’——-\—\_00._..—“____ 7_1"—-3 \\_-______§~z TR ——— ~
A, WA s s S 2
‘ /ﬂ . . s ——
\ /
\'/
},/ _.____.-:_——_’_'_.-_::_:—._. s R L e e
10 — @ / & _“___/7 j -
- Gradations to@. Density, CO3 distinctions grade out, @»@ Dark ash horizons. @-@ Ash. XE I ¢ S N -
: s . Ash and charcoal samjle i Silt horizon. ~ @U”ifom‘ sand-silt. | iermittant ash hori
Interlensed @:@; No. GL-3c-74. Color banding; scattered coarse-grained sand above lotallv iand SRR o,
‘in very crude, discontinuous lenses, pockets. . L s

( PRINCIPAL UNIT DESCRIPTIONS |

i Anuixgl_g;n deposits

| (T)SILT, SANDY SILT: reddish brown (5 YR 5/3): (22) GRAVELLY SAND: as (2) , with 10 - 50

“ pon- to dhightly plastic fines; commonly porous angular shale, sandstone, limestone clasts
with root or insect holes; dry;  CO3 pervasive; : Scale: 1" = §°

! dense, slightly brittle; predominately ﬁng- 1o very @SILT’Y GRAVEL: as © With >80% gravel g

I ‘l:g:granmn sand; coarse-greined sand, fine grove! > 7 predominately. angular shale. sandstone; fesser E h S i A i

| 2%, limey clasts. : : art ciences Associates

} ; 5 Palo Alto, Califormia

i (18) GRAVELLY SILT: a5 (1) , with 10 -50% an SANDY GRAVEL: s @3 . wih >50%

! =" gular shale, sandstone, limestone clasts. gravel; predominately angular shaie, sand- . ) SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS

stone; lesser limey clasts. : . GEOLOGIC LOG OF TRENCH GL-3¢
2)SAND, SILTY SAND; yellowish red (5 YR 4/6); : GREEN’'S LAKE DAM NO. 3
“ as(1), with very fine- to course-grained sand >50%; . > piriy
typically in lenses well stratified with X Checked by M Date 5 “2 7-2 Project No.| Figure Na,
; . , 8
Approved bygA DatedtMav§2| D118 A-7




DEPTH, feet

STATION  0+00 - 0+10 0+20 0+30 0+40 0+50 0460
(feet)

-
o

N6QW ———w

0+70

-1 /grades tiner 10 massive struCture.ess zone of

rades up to ma..1 root fiber matted organic ,/‘ st sand, aind scattered grave! pervasive whitish
CO3 less abundant. o1l ‘horizon; dark reccish brown (5 YR 3/4); ,© CO3. rupbly at bottom.
/ rubble rare. :

i .~ Sharp CO3 contact; ~N3I0E acruss trench

Dense to loose, cnhaotic gravelly silt; channel .11
j .~ Sana and siltin-fiil, less CO3 cuntent, less dense,
@; grades obscurely 16 graveliy silt to left, . YAy @ o
Station 0+12. P Ay 4 Slight blocky structu:: finer blocky structure just
/7, Root pinholes, roots, finers; iess dense than below below contact, horiz.: .l planes obvious.

Transitional zone.

", Very gradational contact, pervanive CO7 below @-@boundarv: dense 0 very dense below;

medium dense above.
/ Porous. .- Tou saui.

_Very dense p CO3 pervasive thro.ynout; very dense.

Silt zone. \

~-
——

~ \’
”"""‘.-;—-\

Charcoal Sampie Number GL-5a-5 (2). /
Charcoal Sample Number GL-53-10.”

=g : 3} . :
2 od I e 13, \d .—
/ & °
< ‘0o .o . .
Ced :
] N T | N s —
-~ e o N
RN oJ — —— T e '
R 0'
4 .
o

%' apparent offset

White CO3 stained fracture/shear planes.
_

Most shears obscured in silty fine sand.

p )
j @mm many clasts ' Silt iens
Major shear plane, wnite CO3 stained, ~N40E -

70NW; (dip siip ?).

© €Oz contem graaes sy 7
Probabie plane of dispiacement

@wnhout coarse stringers; steep () vertical

fractures, slightly open. 177 gravelly st sty yravei, whitish pervasive - Similar lithology: above with CO3 pervasive; botn

CO3 absent, megw. ge:ise chaotic; very poor stratification locally; loose to
dense; generally less dense with depth.

. * Loose gravel pocket, locel stratificaliun gredes Out

2 )grades obscurely to gravel to right of Station ana zone thins to right of Station =27 .

2' B Cuuucn VETY Gradatiotat
@? rubbly silt, chaotic. Mediwm i gense,

PRINCIPAL UNIT DESCRIPTIONS

@Colluwum. RUBBLY SILT. light reddish prown :4)Co“uvmm..uluwmn SANDY SILT  yeiiowish red
(5 YR 6/4)(wet); nonglasuc fines: gravel, cobiies (5 YR 4/6); massive, unstratified, scetlered rock
scattered within; chaotic; pervasive CO3 concen- fragments: very fine root holes commoniy CO3

- tration.

lined; a few CO3 spots or weakly deveioped con-

Scale: 1'*=5’

Earth Sciences Associates

Pa, AltO. (antornng -

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
GEOLOGIC LOG OF TRENCH GL-5a
GREEN'S LAKE DAM NO. 5

| I cretions <'a” typically; minor CO3 coating on trac-
@ Fan/stream channel depozits: SILTY and SAND' tured surtaces; grades downward 10 locaily weil de-
GRAVEL : locaily well sorted, well rounaed clasts, veloped CO3 dendritic structure, and abundant
i average ~ 2" size; medium dense; chaotic 1o locally CO3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>